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Abstract
This thesis concerns the study and development of efficient photoelectrodes for solar‐
driven water splitting, with a focus on developing a novel p‐type dye‐sensitised
photocatalyst system for hydrogen generation. To achieve the experimental requirements,
one of the major achievements in my PhD work is establishing an in‐line quantitative gas
characterisation system for photoelectrochemical water splitting.
In this thesis, a new design strategy for dye‐sensitised photocathde for solar‐driven water
splitting has been developed. Photoelectrochemical water reduction was achieved by a NiO
based p‐type dye‐sensitised photocathode. Furthermore, a tandem system for overall water
splitting in a photoelectrochemical cell based on BiVO4 (photoanode) and dye‐sensitised NiO
(photocathode) is presented.
In Chapter 1, the motivation and literature review of doing research on solar‐driven water
splitting is given, with general introduction about dye‐sensitised solar cells.
In Chapter 2, details of experimental setups together with fabrication and characterisation
methods

are

presented.

The

process

of

establishing

state‐of‐the‐art

in‐line

photoelectrochemical water splitting quantitative gas characterisation system is also
described.
In Chapter 3, a series of transition metal complexes are described and investigated as
sensitisers for NiO based p‐type dye‐sensitised solar cells. The energy levels of each dye and
their water stability on NiO were determined as a key selection criterion for dye‐sensitised
approach in solar‐driven water splitting.

iv
In Chapter 4, two organic dyes with donor‐π‐acceptor structure were firstly utilised for
photoelectrochemical solar‐driven water reduction reactions. The difference between the
two organic dyes is the length of the conjugated linker between the donor and the acceptor.
Electrochemical and photoelectrochemical experiments are designed for studying dyes’
energy levels. NiO based photocathode could generate hydrogen in aqueous electrolyte
under illumination. IPCE measurements with UV‐visible absorption of the photocathodes
show the wavelength‐dependent photocurrent and also the efficiency of the samples.
Stability tests are used to demonstrate showing whether the organic dye can improve NiO
photocathode stability in different pH electrolytes.
In Chapter 5, optimisation of dye‐sensitised NiO photocathodes for solar‐driven water
splitting is described. First, the influence of pH on the performance of dye/NiO
photocathode was investigated. Then, three approaches for performance improvement
have been considered for optimisation of the dye‐sensitised NiO photocathode, including 1)
thickness optimisation, 2) surface wettability, and 3) NiO/rGO composite electrode.
Chapter 6 reports on employing a tandem structure for unassisted solar‐driven water
splitting in a photoelectrochemical cell based on BiVO4 (photoanode) and dye‐sensitised NiO
(photocathode). Highlights of the system are that it is stable in neutral or basic conditions.
The Faradaic efficiency for H2 evolution was determined by comparing gas chromatography
results with chronoamperometry. O2 evolution was not demonstrated.
Chapter 7 presents conclusions together with recommended directions for future work.
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Chapter
1 Introduction

2

1.1 Background and motivation
One of the “holy‐grails” of chemistry is the efficient and economical conversion of solar
energy into chemical fuel such as hydrogen (H2) from water (H2O), which is one of the most
stable compounds on Earth.1,2 H2 is proposed to be the next‐generation energy vector that
could replace fossil fuels.3 H2 has a high energy storage per weight (141.86 MJ/Kg at 25⁰C,
1atm), large scale availability, and shows a carbon free energy future with by‐products of
water after combustion.
In 1972 Fujishima and Honda4 first demonstrated that a TiO2 photoelectrochemical (PEC)
water splitting cell can generate anodic photocurrent proportional to the light intensity in
the water. TiO2 has a band gap of 3.0 eV and absorbs photons with wavelengths shorter
than 415nm. The anodic photocurrent corresponded to the water oxidation reaction or
oxygen evolution reaction (OER). The authors also predicted that the hydrogen evolution
reaction (HER) could be possible if suitable p‐type semiconductor electrodes were
developed. Furthermore, a tandem PEC water splitting cell could be achieved by connecting
a p‐type semiconductor electrode (as cathode) with a n‐type semiconductor electrode (as
anode).
The evaluation of new materials for both photoanode/photocathode and different
configurations of PEC cells has been the subject of research for over 4 decades. Over 1,000
publications have been published, focusing on the development of efficient PEC water
splitting using visible light absorption. Except for 123 publications about photocathode for
water reduction, most of them are focusing on photoanode for water oxidation. Therefore,
one of the key questions limiting tandem PEC water splitting cell development is: how to
prepare an efficient and stable photocathode with visible light response.
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Inspired by the “sensitisation” approach having been successfully applied in the field of dye‐
sensitised solar cells (DSSC),5 this PhD research is focused on developing a novel and
efficient p‐type dye‐sensitised photocathode for solar driven tandem PEC water splitting.
Three main questions listed below initiated this study.
1) Is it possible to use organic dyes attached to semiconductors as photocathode to
produce hydrogen in a PEC water splitting cell?
2) How to devise the test experiments to validate the hydrogen generation in a PEC
water splitting process?
3) Can a stand‐alone p‐n tandem PEC water splitting cell be constructed for overall
water splitting driven only by visible light?
To answer these questions systematically, the following steps were followed, that are also
reflected in the organisation of this thesis:
1) Development of new photocathodes inspired by p‐type dye‐sensitised solar cells.
2) Establishment of a new in‐line characterisation system to perform quantitative gas
analysis.
3) Optimisation of dye‐sensitised NiO photocathodes to improve PEC water reduction
performance.
4) Construction of tandem configuration device and performing stand‐alone water
splitting experiments.
This thesis reports on a journey of how a tandem PEC water splitting cell is achieved step by
step. At the heart of the tandem device, a p‐type NiO based dye‐sensitised photocathode
has been successfully established and firstly investigated for water reduction reaction. This
photocathode is connected with a nanostructured photoanode (BiVO4) for overall water
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splitting under visible light illumination. The result offers a potentially inexpensive route for
solar hydrogen generation.
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1.2 Solar‐driven water splitting
In 1972 Fujishima and Honda reported on photoelectrochemical (PEC) water splitting
utilising a TiO2 electrode4 work that has been cited at least by 8,896 times to date. Their
results showed the feasibility of using a semiconductor photoanode to drive water splitting
reactions producing cheap hydrogen with the voltage created by illumination of sunlight.
After that, many researchers have made extensive and thorough studies on water splitting
using semiconductors, organic dyes and metal complexes as photoelectrodes and
photocatalysts.1,6‐14
Water splitting is an endothermic reaction and requires the provision of energy to proceed.
This energy can be provided from an external electrical power source or it could be provided
by photochemical or photoelectrochemical systems. There are many methods to perform
solar‐driven water splitting, which can be divided into three major approaches:
1) Electrochemical systems: utilising an electrolyzer powered by commercial
photovoltaic (PV) devices, which is limited by the price and availability of PV devices
and electrolyzers.15 By applying external electrical power to drive the water splitting
reaction, electrolysis can not achieve hydrogen generation cheaper than the cost of
electricity. (Not included in this thesis.)
2) Photochemical systems: involves water splitting reactions induced by photo
absorption by photocatalysts, which remains unchanged during the reactions. The
photocatalysts can be any material both absorbing light and performing water
splitting reactions, such as a molecular, semiconductor particle or semiconductor
homogeneous and heterogeneous systems.11,16‐18 In the photochemical water
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splitting process, both oxidation and reduction occur on the surface of the
photocatalysts. (Discussed in Section 1.3)
3) Photoelectrochemical (PEC) systems: PEC solar‐driven water splitting is based on
conversion of solar energy into electricity within a cell composed of two electrodes
immersed in an aqueous electrolyte. One of the two electrodes must be photoactive,
such as semiconductor based photoanodes for water oxidation or photocathodes for
water reduction.2,19 If both electrodes are photoactive, that will present a tandem
multijunction configuration PEC water splitting cell. Furthermore, the difference
between photochemical and photoelectrochemical approaches is whether electricity
is generated or not.20 In the PEC cell, there will be electrons transfered between the
anode and the cathode. (Discussed in Section 1.4)
Since Fujishima and Honda’s first discovery of TiO2 as photoanode material for PEC water
splitting, semiconductors have played significant roles in developing artificial solar‐driven
water

splitting

systems

via

the

photochemical

and

the

photoelectrochemical

approaches.19,21,22 Semiconductors can satisfy two fundamental functions: firstly, optical
absorption to obtain maximal solar energy; and secondly, catalytic function to do water
splitting reactions.

1.2.1 Semiconductors
Semiconductors are originally defined by their unique electrical conductivity compared with
metals and insulators. In solid‐state condensed matter physics, the density of states (DOS)
describes the number of electrons per unit energy range at each energy level.
Representative DOS of metals, insulators and intrinsic semiconductors are shown in Figure
1.1. Fermi level (Ef) is an important concept to describe the conductive behaviour of
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different semiconductors, which is simply describing the energy level at which there is a 50%
probability of a state being occupied by an electron. The Fermi level position also
distinguishes the different class of materials. For metals, Ef is located in the valence band.
For semiconductors and insulators, Ef is located in the band gap. The two latter types of
materials can be differentiated by the band gap energy (Eg).

Energy

Conduction
Band

Band
Gap

Ef

Valence
Band

Metals

Intrinsic Semiconductor

Insulator

Figure 1.1 Filling states of the electronic DOS of metals, insulators and intrinsic
semiconductors. The vertical axis is energy while the horizontal axis is the density of states
for a particular band in the material listed.
The band gap (Eg) is the smallest energy difference between the top of electron‐occupied
energy levels (valence band, VB) and the bottom of empty energy levels for free electron
motion (conduction band, CB). As good conductors, metals have a large density of
energetically available states that electrons can occupy at their Ef. Metal conductivity
decreases with increasing temperature as the thermal vibrations of the crystal lattice
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disrupt the free motion of electrons. As poor conductors, insulators have a large band gap
between VB and CB.
A semiconductor’s band gap is small enough to make it easier for electrons to be excited
across the gap by absorbing heat or photon energy. For solar‐driven water splitting, the
width of semiconductor’s band gap determines its light absorption wavelength range. This is
because the photon excitation takes place, when the energy of photon is equal to or larger
than the band gap.
An intrinsic semiconductor, also called an undoped semiconductor, is a pure semiconductor
without any significant dopant species. The intrinsic semiconductor’s conductivity can be
enhanced dramatically by doping. The doping process involves incorporating small amounts
of other elements into the intrinsic crystal. The doping process introduces new energy levels
into the band gap. There are two types of extrinsic semiconductors, n‐type and p‐type
semiconductors. The different doping types of silicon are illustrated in Figure 1.2. The extra
charge is balanced by an equivalent positive or negative charge in the centre of the doping
atoms. Therefore, the net electrical charge of the semiconductor materials is not changed.
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Figure 1.2 Schematic of (a) intrinsic silicon, (b) boron doped p‐type silicon and (c)
phosphorous doped n‐type silicon. Black dots represent electrons with small empty circles
representing holes. Top is the simplified physical electron structure of different doping
silicon, while energy band diagram below including conduction band (CB), valence band (VB)
and Fermi level (Ef).
Without doping from other elements, the intrinsic semiconductor can also be doped by its
own defects. TiO2 is an intrinsic n‐type semiconductor by the formation of small amounts of
oxygen vacancies and titanium interstitials.23‐25 In rutile and anatase TiO2, these defects
create new states in the band gap corresponding to electron localized at Ti3+ centers. In the
TiO2, the bottom edge of the conduction band is formed by the 3d orbitals of Ti4+, while the
valence band is mainly formed by the overlapping of the oxygen 2p orbitals.
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Except for the Fermi level, band gap and doping level of semiconductors, an important issue
in the process of semiconductors for solar‐driven water splitting is the interface properties
at the solid/liquid interface (e.g. semiconductor/electrolyte interface).

1.2.2 Semiconductor/electrolyte interface
The electrochemical potential of electrons (Eredox) in a redox electrolyte is given by the
Nernst expression in Equation 1.1:

(Eq. 1.1)
(Note: E°redox is the standard electrochemical potential, R is the ideal gas constant, T is the
absolute temperature, F is the Faraday constant. Cox and Cred are the concentrations of the
oxidised and reduced species.)
In Equation 1.1, Eredox is defined which can be identified with the Fermi level in the
electrolyte. For solar driven water splitting reactions, the solutions are aqueous based
containing some stable supporting electrolytes to increase conductivity, such as K2SO4 or
Na2SO4. The oxidised species are H+, while the reduced species OH‐. So the redox potential
or Fermi level in water splitting reactions is determined by the pH of the aqueous solution.
The topic that is discussed next is what will happen at the semiconductor‐electrolyte
interface, if the semiconductor put contact with the aqueous electrolyte.
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Figure 1.3 Energy level diagram of a semiconductor with a redox electrolyte on the left,
while the semiconductor‐electrolyte interface after equilibration is on the right. (a) for an n‐
type semiconductor; (b) for a p‐type semiconductor.
Figure 1.3 shows, before the semiconductor is immersed in a redox electrolyte, the Fermi
level of the semiconductor and electrolyte is at different levels across the interface. After
the contact, the result of equilibration is that the Ef in the semiconductor moves to the
Ef,redox of the electrolyte and stops when the Fermi level is the same on both sides of the
interface. The CB and VB experiences band‐bending, with a “built‐in” voltage generated on
the semiconductor surface as illustrated on the right hand side of (a) and (b). Therefore, for
solar‐driven water splitting, n‐type semicondutors are normally used for OER; while p‐type
semiconductors are used for HER.
As the principles of semiconductor and semiconductor/electrolyte interface indicate, water
splitting reactions take place at the semiconductor/electrolyte interface. The light‐induced
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electrons and holes result in the splitting of water molecules into gaseous oxygen and
hydrogen.

1.2.3 Water splitting reactions
The free energy change for the reaction of splitting 1 mole H2O (liquid) into H2 (gas) and ½
O2 (gas) under standard conditions is ΔG = + 237.2 KJ/mol. According to the Nernst equation
under isothermal‐isobaric and reversible conditions, to drive this water splitting reaction,
the standard electrochemical potential is ∆Eo = 1.23 V per electron transferred. The overall
water splitting reaction consists of reduction and oxidation reactions shown from Equation
1.2 to 1.4 below. Reaction potentials are referenced to the Reversible Hydrogen Electrode
(RHE):
Hydrogen evolution reaction (HER):
2 H+ + 2 e‐

H2

(Eored = 0.00 V vs. RHE at pH 0)

(Eq. 1.2)

Oxygen evolution reaction (OER):
H2O + 2 h+

½ O2 + 2H+

(Eoox = ‐1.23 V vs. RHE at pH 0)

(Eq. 1.3)

Overall water splitting reaction:
H2O

H2 + ½ O2

(ΔE = ‐ 1.23 V)

(Eq. 1.4)

Theoretically, harvesting light by semiconductors with a band gap (Eg) of 1.23 eV by
generating free electrons and holes and to use them for water splitting could be achievable
and effective. However, the energy difference between the hole and the electron should be
higher than the water dissociation electrochemical potential (1.23 V) because some
overpotentials for OER and HER should also be taken into account in order to overcome
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kinetic limitations. Consequently a band gap of 1.6–2.4 eV is considered to be the best
compromise for the overall water splitting reactions.2 So, not all n‐type or p‐type
semiconductors are suitable for solar‐driven water splitting.
For the photochemical approach, more than 130 inorganic semiconductor materials have
been identified as possible photocatalysts for water splitting.26 A photocatalyst colloidal
suspension in water is applied to do overall water splitting, which produces hydrogen and
oxygen physically close to each other in one spot (in Equation 1.4). The photochemical
water splitting principles will be discussed in Section 1.3.
For photoelectrochemical approach, photoelectrochemical (PEC) cells comprise two
electrodes – an anode and a cathode – separated by aqueous electrolyte. The electrodes are
physically separated from each other, in contrast to photocatalysis. Normally, the anode
facilitates the OER (in Equation 1.3) and is made of photo‐responsive n‐type semiconductors.
In photoanode driven water splitting, the electrode usually absorbs photons to cause charge
separation and transfer charge to the cathode for HER (in Equation 1.2). The PEC cells are
generating electricity in an external circuit. Driven from the water reduction part, HER (in
Equation 1.4) can occur on a photocathode, which can be a photo‐responsive p‐type
semiconductor. A tandem PEC water splitting cell can be achieved by connecting the
photocathode with the photoanode in a side‐by‐side or back‐on‐back structure.2,19,21 These
PEC water splitting principles will be discussed in Section 1.4.
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1.2.4 Challenges for semiconductor based solar‐driven water
splitting
For large scale industrial applications, some requirements must be satisfied in terms of the
semiconductor. Semiconductors need to fulfil three criteria to be well suited, as illustrated
in Figure 1.4, according to Lewis and co‐workers. 27

Figure 1.4 Venn diagram showing the three key requirements for material selections for
solar‐driven water splitting devices. 27
(1) Scalable
Materials for solar‐driven water splitting should be scalable for industrial application, as the
energy requirement needed to be satisfied in the near future is on the terawatt (TW) level.
For industrial applications, semiconductors should contain earth abundant elements and
should be inexpensive to prepare. Several researchers have developed materials based on
earth‐abundant elements for high efficiency solar‐driven water splitting reactions.28 Any
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economically and industrially feasible system for solar hydrogen generation must compete
with the price of H2 generated from other traditional sources like steam reforming or
electrolysis.
As a broader consideration, the costs should contain raw material costs and capital costs.27
The cost of solar‐driven water splitting systems should be decreased as a whole system,
rather than just the photoactive materials. Manufacturing cost should also be considered
together with the supply‐chain for the PV industrial raw materials.29 For example,
sometimes high performance should be sacrificed in order to use less materials for overall
lower cost.30
(2) Robust
For long term operation, a good semiconductor photocatalyst must be water stable and
photo‐stable for OER and HER reactions. Photostability is mainly determined by the relative
positions of the band edges, the Fermi level of electrons (in dark) and the quasi Fermi level
(QFL) of electrons and holes (under illumination) compared to the semiconductor reduction
and oxidation decomposition potentials.31
Photocorrosion can occur to some oxide semiconductors. For example, ZnO is not likely to
be a good photoanode for water splitting cells because of it instability in acidic conditions.32
Oxide semiconductors generally possess high stability against photocorrosion and have been
extensively studied,7,8,14,26 while some non‐oxide semiconductor materials such as Si,33‐35
InP,36 GaP,37 GaInP2,38 or CdS,39‐44 readily self‐corrode in water because of the inadequate
positions of bands. For example, cadmium sulfide (CdS) has a narrow band gap with
appropriate band levels for water reduction and oxidation. However, S2‐ anions are
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preferably oxidised before H2O by photo‐generated holes. The photocorrosion reaction
occurs in the valence band of CdS7,8,45 as the following reaction shows in Equation 1.5:
CdS + 2h+

Cd2+ + S

(Eq. 1.5)

(3) Efficiency
As the only energy input is sunlight for solar‐driven water splitting, the light harvesting
efficiency is important. The semiconductors should absorb a large portion of the solar
spectrum. The UV wavelength region accounts only 4% of the solar spectrum, while visible
light occupies nearly 43% of the total solar energy from the sun. If only small proportions of
the solar spectrum are absorbed, the photo‐induced charge carrier density and hence the
reaction rate will be low. TiO2 only absorbs ultraviolet light because of its large band gap of
about ~3.2 eV, which accounts for only 4% of the solar energy illuminating the Earth's
surface.13 Therefore, the band gap should be as small as possible.
Another critical criterion influencing efficiency is the position of the CB and VB of different
semiconductors in aqueous electrolyte. Figure 1.5 shows different semiconductor
candidates of p‐type and n‐type for water splitting along with their valence and conduction
band edges referenced to NHE in aqueous electrolyte of pH = 1. Some semiconductors, such
as TiO2 and WO3, have more positive valence band than O2/H2O potential to drive the
oxygen evolution reaction, hence they are more suitable to perform OER.46 P‐type materials,
such as GaAs and GaP, have more suitable negative conduction and valence bands than the
H2O/H2 potential to drive the hydrogen evolution reaction, hence are more suitable to
perform HER. It is difficult to find a single semiconductor suitable for overall water splitting,
i.e. both for OER and HER reactions.
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Figure 1.5 Band edge positions of several common p‐type and n‐type semiconductors in
contact with aqueous electrolyte at pH = 1. (Adapted from reference19) The bottom edge of
CB (red colour) and top edge of VB (green colour) are presented. The dotted lines indicate
the thermodynamic potentials for water reduction and oxidation respectively.

1.2.5 Approaches for achieving semiconductor based solar‐driven
water splitting
Despite nearly 4 decades’ and large amount of pioneering research efforts, there is still not
sufficient evidence to claim that any artificial water splitting systems fulfil all of these three
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key criteria above.27 Therefore, different approaches for achieving semiconductor based
water splitting using visible light illumination are currently listed below:
1) Single semiconductor: This approach is a conventional method to apply a single
visible‐light‐absorbing photocatalyst (one‐step system). In PEC cells, the photoanode
is normally the “motor” that drives the overall reaction. Many of the materials that
are used as photocatalysts are also employed as photoelectrodes in a PEC cell.
2) Two semiconductors together: Another approach is to apply two different
photocatalysts (two steps photoexcitation). This system is very similar to the natural
photosynthesis process, which utilises the photons in photosystems

II,

also called

the “Z‐scheme”.47,48 The “Z‐scheme” approach is shown in Section 1.3. In PEC cells,
the “Z‐scheme” can be achieved by tandem configuration cells by connecting
photoanode for OER and photocathode for HER. This tandem approach is shown in
Section 1.4.
3) “Sensitisation”: Sensitisation is a technique that comes out of the field of “Dye‐
sensitised Solar Cells” (DSSC). Organic sensitisers are used to expand the wavelength
regions of the solar spectrum absorbed by the solar cell, as the spectroscopic
properties of the sensitiser can be tuned by changing attachment functionality and
ligand modification.49,50 This approach is discussed in Section 1.5.
These three approaches are not exclusive to each other. For example, Abe et al. published a
robust dye‐sensitised overall water splitting system with two‐step photoexcitation (Z‐
scheme) of coumarin dyes and metal oxide semiconductors.51 This system is actually
combining the “sensitisation” and “Z‐scheme” approaches to improve a semiconductor
photocatalyst’s visible light absorption and overall water splitting efficiency.
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1.3 Photochemical water splitting
1.3.1 Principles of photochemical water splitting
Utilisation of semiconductor particles as photocatalyst in water is shown in Figure 1.6 to
explain the principles of photochemical water splitting. The equation for the photochemical
water splitting reaction is shown in Equation 1.6 below:
H2O +

semiconductor

H2 + ½ O2

ΔGmo= + 237.2 KJ/mol

(Eq. 1.6)

(Note: ℎ is Plank constant, : is Photon frequency, ℎ is Energy of the photon with this
frequency.)
As Figure 1.6 (a) illustrates, the photochemical water splitting reaction represented by
Equation 1.6 is actually composed of three different chemical reactions to drive water
splitting and are listed below (from Equation 1.7 to Equation 1.9).
Absorption of solar photons can lead to excited states in the semiconductor photocatalyst
with photo‐excited electrons in the conduction band (CB) and holes in the valence band (VB)
(Equation 1.7). The solar energy must be equal to or higher than the band gap (Eg) of the
semiconductor, which is the energy difference between the top edge of the VB and the
bottom edge of the CB. When the top edge of the VB is more positive than the oxidation
potential of water to produce O2, holes react at the semiconductor/electrolyte interface
with water molecules from the electrolyte solution to evolve oxygen as OER (Equation 1.8).
When the bottom edge of the CB is more negative than the reduction potential of water to
produce H2, the excited electrons react at the semiconductor/electrolyte interface with H+
from the solution to evolve hydrogen as HER (Equation 1.9).
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Reaction (1): 4

semiconductor

4 e−

4h

Eq. 1.7

Reaction (2): 2 H2O(l) + 4 h+

O2(g) + 4 H+(aq)

Eo O2/H2O = +1.23 V vs. NHE

Eq. 1.8

Reaction (3): 4 H+(aq) + 4 e−

2 H2(g)

Eo H+/H2 = 0.00 V vs. NHE

Eq. 1.9

(Note: NHE is the Normal Hydrogen Electrode.)

(a)

CB
(1)

(3)

(3)

H+/H2
0V

Band gap

(+)

Potential / eV

(‐)

(b)

e‐

VB

(1)

e‐

H2

(2)

h+
O2/H2O
h+ (2) + 1.23V

O2

recombination

Figure 1.6 Principle and schematic illustration of water splitting by using a semiconductor
photocatalyst.7,8 (a) Energy diagram of semiconductor under illumination with three
reactions, (b) Kinetic steps of charge transfer and recombination in a semiconductor under
illumination.
The following three steps are involved in the process of photochemical water splitting as
shown in Figure 1.6 (b):
Step (1): The first step is the absorption of photons with energy equal to or higher than the
band gap (Eg) of the semiconductor. Photo‐excited states (electron‐hole pairs) in the
semiconductor particles are generated. Then, the photo‐excited electrons thermalise to the
quasi‐fermi level of electrons (near bottom of CB); photo‐excited holes thermalise to the
quasi‐fermi level of holes (near top of VB). Photons with lower energy than Eg will not be
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absorbed by semiconductors, hence not generate the photo‐excited states of electron‐hole
pairs. To drive overall water splitting reactions, the bottom edge of the CB has to be more
negative than the redox potential of H+/H2 (0 V vs. RHE), while the top edge of the VB has to
be more positive than the redox potential of O2/H2O (+1.23 V vs. RHE). Therefore, Eg of 1.23
eV, is the theoretical minimum band gap for water splitting, which corresponds to light of
1100 nm according to Equation 1.10.
Band gap (eV) = 1240 / λ (nm)

(Eq. 1.10)

(Note: λ is the onset absorption wavelength of semiconductor particles.)
Step (2): The second step is charge separation and migration of photo‐generated charge
carriers through the bulk and solid/solid interface of semiconductors. The photo‐generated
charge carriers of electron‐hole pairs separate into free electrons and holes, and then
migrate to the semiconductor/electrolyte interface before recombination. Recombination
leads to loss of excess energy of the electron‐hole pairs.
For bulk properties, highly efficient inorganic crystal structure and crystallinity have been
widely studied, such as the inorganic single crystals.52‐55 A general synthetic method of
growing semiconductor of mesoporous single crystal of anatase TiO2 was published and
showed that the mesoporous single crystal in isolated particle form has higher conductivity
and electron mobility than the nanocrystalline TiO2.56 For solid/solid interface impact, grain
boundaries may act as weak links for the charge transport in polycrystalline materials.57,58
On the other hand, these grain boundaries may also act as recombination traps for
electronic charge carriers.59
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The charge transport in the semiconductor electrodes film is dominated by diffusion.
Electron diffusion length (L), a useful parameter to describe the collection efficiency of
charge carriers during the migration in the semiconductor films, is required for efficient
collection of charge in the photoelectrode to determine the theoretic film thickness. The
value of L is related to the carrier lifetime (τ) by the diffusion coefficient (D) according to the
following Equation 1.11:
(Eq. 1.11)
(Note: L is the diffusion length in meters, D is the diffusivity in m²/s and τ is the lifetime in
seconds.)
Diffusion length is the average length a carrier moves between generation and
recombination. If L is shorter than the thickness of the semiconductor electrode, then
charge collection will not be sufficient, limiting the overall solar conversion efficiency of the
device. Semiconductor materials that are heavily doped have greater recombination rates
and consequently, have shorter diffusion lengths. Long diffusion length is indicative of
materials with longer carrier lifetimes or large diffusion coefficients.
The advantage of utilising a nanostructured electrode, compared to a planar electrode, is
the decoupling of the directions of light absorption and charge‐carrier collection.60 But it is
not yet clear whether the benefits of nanostructured electrodes outweigh their
disadvantages. When semiconductor particles are formed into a nanostructured film, there
is a partial loss of electric field for charge separation and a massively increased opportunity
for electrons to recombine with species on the electrode surface or in the electrolyte before
they are collected at the electrode substrate. There are a number of possible electron
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acceptor species: hole trap states, surface‐bound hydroxyl radicals, peroxo species by‐
products from OER intermediates and the oxygen in electrolyte or products.61
Step (3): Surface chemical reaction is the final step, which is often the limiting step to water
splitting. The overall water splitting reaction involves generation of four electron‐hole pairs
by four photons for every two hydrogen molecules and one oxygen molecule (Equation 1.6).
Kinetically, the photolysis reaction is typically limited by water oxidation as this step involves
a 4‐electron reaction (Equation 1.8) and it is therefore more complex involving more
intermediates from reactants to products. For example, the turnover frequency (TOF) is
used to define the turnover per unit time for the catalyst reaction. A series of mononuclear
nickel (II) complexes, [Ni(PPh2NC6H4X2)2]2+, that are effective proton reduction catalysts, have
reported TOF of up to 1850 s‐1; which means they are very active with a fast reaction rate.
Complex [Co4(H2O)2(PW9O34)2]10‐, as water oxidation catalysts, has a TOF of no more than 5
s‐1.62,63
Two key factors should be considered: (i) surface atomic structure and its activity; (ii)
surface area of catalyst. The interface of semiconductor/electrolyte plays an important role
for undertaking OER and HER. Without active sites, even if the free charge carriers of
electrons and holes possess sufficient potentials, the recombination may inhibit the
reactions.7,8 Except for semiconductor surface properties, the morphology of semiconductor
particles also strongly influences this process. For example, given the successful application
of mesoporous photoelectrodes in dye‐sensitised solar cells (DSSC), nanostructured
electrodes appear to be an interesting alternative to bulk electrodes for PEC water splitting
as well, as it provides large surface area for catalytic reactions.33,64
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1.3.2 “Z‐scheme” photocatalysis
“Z‐scheme” photocatalysis is a system consisting of two photocatalytic reactions connected
by a redox mediator under visible light illumination.65‐69 The name “Z‐scheme” originates
from its shape, when it has been used to interpret the mechanism of photosynthesis by
plants.47,70
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H2 / H2 O

e‐
hv

hv

redox

hv
+ 1.23 V
H2O / O2
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Figure 1.7 Schematic energy diagrams of photocatalytic water splitting systems at pH=0: (A)
one photocatalyst system, (B) two semiconductor photocatalysts system or “Z‐scheme”.
Sayama et al. reported for the first time photocatalytic water splitting into hydrogen and
oxygen by an aqueous suspension of two kinds of photocatalysts under visible‐light
irradiation.67 Since then, much effort has been spent to construct “Z‐scheme” water splitting
systems from making new semiconductors to develop effective redox mediators shown in
Figure 1.7 (B).71‐77 In a “Z‐scheme”, first semiconductor absorbs photons leading to photo‐
excited electrons in their CB. These CB electrons are captured by the acceptor species
(redox couple) in the electrolyte, which is then reacted with photo‐generated holes in the
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VB of second semiconductor. The CB electrons in the second semiconductor are sufficiently
high energy to drive water reduction, while the holes in the first semiconductor are
sufficiently high energy to drive oxygen evolution reaction. These reactions require two
photon absorption steps compared to the single semiconductor approach.
For this system, gas evolution is often terminated due to the backward reaction shown in
Figure 1.8. For the HER half reaction, photo‐generated electrons are thermodynamically
more likely to reduce the oxidised form of the mediator than water. For the OER part,
photo‐generated holes are more likely to oxidise the reduced form of the mediators than
water. When the backward reactions are faster than the gas evolution reactions, significant
loss of charge carriers and lower gas generation rate will occur. Furthermore, it is much
more difficult to achieve overall water splitting to get HER and OER simultaneously due to
the different reaction rates of HER and OER under the same redox couple concentration.7 So
it is important to develop this kind of “Z‐scheme” photocatalysis system with high selectivity
for the forward reactions in Figure 1.8.
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Figure 1.8 Forward (black arrow) and backward (blue dash arrow) reactions in a “Z‐scheme”
system at pH = 0.
To avoid using mediators and simplify their operation, considerable efforts have been
placed on the design and fabrication of “Z‐scheme” semiconductor heterojunction instead
of liquid junction to improve the photocatalytic activity.14 The heterojunction is formed by
two different semiconductors. For achieving higher photocatalytic efficiency, the
heterojunction effectively separates the photo‐generated electron‐hole pairs, charge
transferring separately to the surface before recombination, causing longer lifetime of the
charge carriers. Furthermore, it leads to OER and HER occurring at different locations on the
surface of the two different semiconductors. For example, NiO loaded strontium titanate
(SrTiO3, STO) is one of the best studied photocatalyst for overall water splitting under UV
light.78‐82 But most of the accepted mechanisms for NiOx‐STO,81 and other NiOx related
photocatalysts,8,83,84 all assume that NiOx functions as the HER site, while the oxidation
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occurs on the n‐type STO or other metal oxide semiconductors. A newly published result
suggests that NiO in the NiOx is the OER site as co‐catalyst.78
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Figure 1.9 Schematic diagram showing the energy band structure and electron‐hole pair
separation in the heterojunction semiconductor water splitting system.
As shown in Figure 1.9, two semiconductors A and B with matching CB and VB level
positions are bonded together. Under light illumination, the photo‐generated electrons
from CB of semiconductor A can be transferred to the lower position CB of semiconductor B.
The photo‐generated holes from VB of semiconductor B can be transferred to the upper
position VB of semiconductor A. Therefore, charge separation and transport can be
achieved at the interface between the two semiconductors, with recombination decreased.
Then, the electrons on the surface of semiconductor B can do HER, and the holes on surface
of semiconductor A can do OER.
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For example, a metal‐free polymeric photocatalyst, graphitic carbon nitride (g‐C3N4), is
developed for hydrogen production under visible light.85‐87 The g‐C3N4 has visible light
absorption longer than 420 nm with stability. So the researchers, Hou et al., improved the
visible light absorption and HER performance by growing thin layers of MoS2 on g‐C3N4.88
They also found that other layered transition metal dichalcogenides such as WS2 can also
efficiently improve the hydrogen generation with g‐C3N4.
The p‐n junction is one of the effective heterojunction architectures for the efficient charge
separation and collection with a space charge region at the interfaces between the p‐type
and n‐type semiconductors, as shown in Figure 1.10. When a p‐type and an n‐type
semiconductor contacts with each other, the result of equilibration is that the Ef of the p‐
type semiconductor and n‐type semiconductor will be equal. Holes in the p‐type
semiconductor diffuse into the n‐type semiconductor, while electrons in the n‐type
semiconductor diffuse into the p‐type semiconductor. As a result, a space charge region is
formed at both sides of the p‐n junction, depleted of holes on the p side and depleted of
electrons in the n side. There is a net negative charge on the p side and a net positive charge
on the n side, creating a built‐in electric field at the junction.
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Figure 1.10 Schematic diagram of the energy band structure and electron‐hole pair
separation in the p‐n heterojunction semiconductor based photocatalysis system.
When a p‐n junction is illuminated by photons with energy larger than the band gap, the p‐n
junction will generate excited state electrons from both sides, resulting in an increased
concentration of electrons in CB and holes in VB. The built‐in electric field can drive the free
electrons and holes to transfer in the opposite direction causing charge separation within
the space charge region. The electrons will be transferred to the CB of the n‐type
semiconductor, while the holes are transferred to the VB of the p‐type semiconductor. For
example,

p‐CuAlO2/n‐TiO2,89

p‐CuFeO2/n‐SnO2,90

and

p‐ZnFe2O4/n‐SrTiO391

for

photocatalytic hydrogen production were developed by Trari and co‐workers as p‐n junction
water splitting systems. The photo‐generated electron‐hole pairs separated efficiently and
physically for photocatalytic reduction and oxidation. The photocatalytic experiment was
performed with optimal pH value estimated in aqueous solutions containing sacrificial
reagent, such as S2‐ and S2O32‐.
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In summary, semiconductor powdered photocatalysts water splitting system could be
achieved by single semiconductor system and by “Z‐scheme” system with two
semiconductors mixed together with mediators or bonded together without using
mediators. It is very hard to find a system to satisfy the stability, broad visible light
absorption and stoichiometric amounts of H2 and O2 evolution conditions for overall water
splitting without sacrificial reagents. Especially, semiconductor powdered photocatalyst
water splitting systems have an obvious drawback for gas separation. As for overall water
splitting, the H2 and O2 are generated together in the one vessel, so it is very hard to
separate them into two vessels and it is also very risky to store H2 with O2 together. Even
though by using organic sacrificial reagents such as waste water with organic impurities
rather than pure water, the byproducts during the oxidation process may still have gas
generation like CO2, CO or NO. Completely removing O2 from the photocatalyst system
cannot guarantee to get pure H2.
In all cases, the problems can be overcome using a photoelectrochemical water splitting cell,
which has a photoanode to do OER, photocathode to do HER and a proton transfer
membrane between the two electrodes separating the generated H2 and O2 from water.
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1.4 Photoelectrochemical (PEC) water splitting cells
1.4.1 Materials development
TiO2

was

the

first

semiconductor

photoanode

material

investigated

for

photoelectrochemical (PEC) water splitting by Fujishima and Honda.4 TiO2 is inexpensive,
environmentally benign, highly stable over a broad pH range, and has large electron
mobility.92 Early studies on photocatalysts have focused on TiO2 and demonstrated the
production of hydrogen and oxygen.93,94 Unfortunately, its large band gap (> 3.0 eV) limits
its absorption of visible light and solar‐to‐hydrogen conversion efficiency (STH). More
recently, several approaches, such as “sensitisation”, band engineering and graphene‐
semiconductor composite systems, have been utilised to improve TiO2 and other metal
oxide semiconductors’ efficiency.
1) Due to its chemical and electrochemical stability, and fast electron transport process,
“sensitisation” of TiO2 is well studied in the field of solar energy applications, such as
organic solar cells95 and dye‐sensitised solar cells (DSSC).96,97 This approach for
improving TiO2 photoanode performance in DSSC and solar‐driven water oxidation
will be discussed in Section 1.5.
2) Band engineering is required in order to develop new photocatalytic materials for
water splitting under visible light illumination. In general, the conduction band of
metal oxide semiconductors is composed of empty orbitals of metal cations. The
valence band level is usually determined by O 2p orbitals (around 3.0 eV vs NHE).98
Doping has often been attempted to prepare visible light driven wide band gap
photocatalysts such as TiO2 and SrTiO3.82,99‐102 The electron donor level is created
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above a valence band by doping some elements into conventional photocatalysts. It
results in the formation of energy gap above the valence band (VB) consisting of O
2p orbitals. TiO2 is usually used for doping, as the white powder becomes colored
with doping of transition metal cations103 and nitrogen104 to absorb visible light.
3) For improving the photoelectrode efficiency, graphene can be used as an electron
acceptor and transporter in the graphene‐semiconductor composite photoelectrode
for example using BiVO4. Graphene, as a single‐atom layer of graphite, has been
regarded as an important component for making different functional composite
materials especially for hydrogen generation from solar‐driven water splitting.105,106
Yun Hau Ng and co‐workers used BiVO4 incorporated with reduced graphene (rGO)
by a facile photocatalytic reaction to improve BiVO4 photoresponse for PEC solar‐
driven water splitting.107 This work firstly demonstrated that graphene could
improve the hydrogen production rate in the PEC cells.
Researchers also developed semiconductors, which are scalable, robust and efficient light
absorbers, following the Venn diagram of three key requirements in Figure 1.4. Efforts to
improve the visible‐light response and the efficiency of photoelectrodes have led to a
plethora of new materials, such as Fe2O3, BiVO4, BiCu2VO6, TaON, Ta3N5, CuGa3Se5, (SrTiO3)1‐
x(LaTiO2N)x,

and CuWO4.46,108‐110 Their band gaps normally determine their ideal solar‐to‐

hydrogen conversion efficiency (STH). However, none of them generate enough photo‐
voltage under visible light to perform overall water splitting. To date, the only
demonstrations of single‐photoelectrode PEC water splitting have utilised large band gap
materials responding to only UV light illumination, such as SrTiO3 and KTaO3.111,112
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The need to improve stability and reduce cost has led to further optimisation of well‐known
light absorbing semiconductors. Recently, there are researchers starting to utilise existing
efficient semiconductors from solar cells, such as Si, GaAs, and GaP, which may not be stable
in aqueous electrolyte or cheap to manufacture. For example, Ni/NiOx film coated on n‐type
silicon demonstrated high performance when used as a photoanode for water oxidation.113
This photoelectrode showed no significant photocurrent decay after 80 hours of continuous
PEC water oxidation. It was proposed that the Ni film acted as a surface protection layer
against corrosion and also as an electrocatalyst for O2 evolution. Following this study,
researchers from the California Institute of Technology reported utilising amorphous TiO2
coatings to stabilize Si, GaAs and GaP used as water oxidation photoanodes, which are
normally unstable in aqueous media.114 TiO2 is transparent and so does not interfere with
light absorption. It prevents corrosion and acts as a sink for photogenerated holes. Despite
their improved stability and high performance, the relatively high cost of Si, GaAs and GaP is
a disadvantage, acting as a barrier to the wide spread commercialization of these
technologies.

1.4.2 Principles of PEC water splitting
The PEC water splitting cell physically separates the water oxidation and reduction reactions
normally occurring on the surface of semiconductor powder photocatalyst into two half
reactions occurring on a (photo) anode and a (photo) cathode. Photo‐generated electrons in
the conduction band of a photoanode can be transferred through an external circuit to a
cathode, while photo‐generated holes in the valence band of a photocathode can be
transferred to an anode.
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As has been summarized above, a semiconductor contacting with a liquid electrolyte phase
will achieve Fermi level equilibration with the electrochemical potential of the liquid by
transferring charge across the interface. A photoanode material for water oxidation should
be a n‐type semiconductor, such that the built‐in electric field formed by band bending
drives photo‐generated holes toward the surface as shown in Figure 1.11. The various steps
of PEC water splitting driven by an n‐type semiconductor are hereby listed. Step (1)
corresponds to the absorption of a photon, generating an electron‐hole pair in the material.
Step (2) is the diffusion of holes towards the electrolyte interface where water oxidation
takes place (3). Step (4) represents the transport of electrons through the semiconductor
and the external circuit, and step (5) is the water reduction that occurs at the cathode
surface.
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Figure 1.11 Schematic of 5 processes involved in solar‐driven of water oxidation using an n‐
type semiconductor as photoanode. The different steps (1 to 5) are explained in the text.
For a p‐type semiconductor, the bands bend in such a way, as shown in Figure 1.12, that
photo‐generated electrons are driven toward the interface, while holes are swept into the
bulk of the solid. The steps of PEC water splitting driven by a p‐type semiconductor are
hereby listed. Step (1) corresponds to the absorption of a photon, generating an electron‐
hole pair in the material. Step (2) is the diffusion of electrons towards the interface with
electrolyte where water reduction takes place (3). Step (4) represents the transport of holes
through the semiconductor and the external circuit, and step (5) is the water oxidation that
occurs at the cathode surface.
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Figure 1.12 Schematic of 5 processes involved in solar‐driven water reduction using a p‐type
semiconductor as photocathode. Steps (1 to 5) are explained in the text.
Following earlier discussions, also evident from Figures 1.11 and 1.12, the efficiency of
photoelectrochemical (PEC) water splitting is influenced by light absorption (1), charge
separation and transport (2 and 4) and surface reactions (3 and 5).
There is a large body of literature that indicates that the most promising approach for
hydrogen generation using a source of renewable energy is that based on
photoelectrochemical water decomposition using solar energy.19,115 The ultimate goal of
these efforts above is an efficient photoelectrochemical (PEC) cell design that can
simultaneously drive in an “unassisted” fashion.
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1.4.3 Unassisted PEC water splitting in theory
The “unassisted” PEC water splitting here is defined as water splitting reactions driven by
energy acquired only from solar energy. Fujishima and Honda first demonstrated “solar‐
assisted” water electrolysis by using TiO2 semiconductor with a bias potential.4 They also
predicted that, under light irradiation and without electricity power input, “unassisted” PEC
overall water splitting could be achieved if one of the three key requirements below was
fulfilled:4
1) OER occurs at a potential more negative than the equilibrium potential for HER at
normal conditions, shown in Figure 1.13.
2) HER occurs at a potential more positive than the equilibrium potential for OER at
normal conditions, shown in Figure 1.14.
3) The potential for OER is pushed to more negative while the potential of HER is pulled
more positive, shown in Figure 1.15.4
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Figure 1.13 Photoanode PEC overall water splitting, Jop is the operating photocurrent density.

Figure 1.14 Photocathode PEC overall water splitting; Jop is the operating photocurrent
density.
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Figure 1.15 Tandem PEC overall water splitting cells with a combination of p‐type
photocathode and n‐type photoanode; Jop is the operating photocurrent density.
Unfortunately, until now, there is no single semiconductor based system that can do
unassisted PEC water splitting by fulfilling the first or the second key requirement.
Nevertheless, semiconductors remain promising as water splitting electrodes because they
can be produced by low cost routes and are much more stable in aqueous environments
than other materials. How to take advantage of existing materials to satisfy and develop a
practical industrial prototype is a more realistic research topic to focus on.
Unassisted PEC overall water splitting is possible utilising a tandem configuration device, as
shown in Figure 1.15, with photocurrent matching to combine more photons energies to
transfer a single electron. When the free electron generated by light absorption in the
semiconductor is not energetically high enough to produce hydrogen at the cathode, it can
gain the additional energy by the contribution from another energy source. The photo‐
voltage would become high enough to split water.

40

1.4.4 Tandem PEC water splitting systems
The first paper to propose a dual n‐type semiconductor PEC water splitting system was
published by Allan Bard in 1979.116 Tandem structured PEC water splitting works in close
analogy to the “Z‐scheme”; requiring the absorption of two photons to generate one
electron transferred in the water oxidation reaction.
There are two different tandem arrangements for PEC water splitting. The purpose of the
side‐by‐side series electrical connection arrangement is to obtain sufficiently high voltage
for water splitting by adding the voltage generated by the photoanode and photocathode,
both facing full solar illumination as shown in Figure 1.16.
The purpose of the back‐on‐back series electrical arrangement is to increase the total
absorbed photon density by harvesting different portions of the solar spectrum by the
photoanode and the photocathode. The top electrode facing the sun has a band gap Eg1
absorbing photons from the sun with wavelengths smaller than λ1 = hc /Eg1. Photons with λ >
λ1 are transmitted through to the next cell with a band gap Eg2 < Eg1 as discussed in the
reference.21 These two approaches can support perfect gas separation as H2 and O2 are
generated in different sides of the cells. The latter back‐on‐back series tandem PEC water
splitting cell’s total photocurrent density will be limited by the electrode producing the least
current, but the total voltage will be the addition of the voltage generated by the two half
cells.
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Figure 1.16 Schematic representation of tandem PEC water splitting using two
semiconductors as photoanode and photocathode connected in series with side‐by‐side
structure. The different steps (1 to 6) are explained in the text.
Let’s consider the side‐by‐side tandem system as an example. The steps of tandem water
photolysis using a p‐type semiconductor as photocathode and an n‐type semiconductor as
photoanode are detailed in Figure 1.16.
Step (1) corresponds to the absorption of photons by both sides, generating electron‐hole
pairs in the photoanode and photocathode. Step (2) is the diffusion of holes towards the
electrolyte interface in the photoanode where water oxidation takes place, while electrons
in the photocathode migrate towards the electrolyte interface to perform HER as Step (4).
Step (3) and step (3’) represent the transport of the majority of the charge carriers in the n‐
type and p‐type semiconductors to the external circuit respectively. The electrons from the
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CB of the photoanode recombine with the holes in the VB of the photocathode and under
equilibrium, the Fermi levels in the photoanode and photocathode align. Step (5) is the
water oxidation that occurs at the photoanode surface. Step (6) is the water reduction that
happens at the photocathode surface.
The main benefit of the tandem configuration approach is the much increased flexibility in
materials selection. Compared to overall water splitting using a single photoelectrode, the
tandem approach reduces complexity by developing effective water oxidation or water
reduction photoelectrodes individually. Despite this advantage, reports of efficient overall
water splitting using tandem PEC is rather rare.
As for the side‐by‐side tandem systems shown in Figure 1.17, Shintaro et al. have developed
an efficient photocathode of p‐type CaFe2O4, that has a band gap of 1.9 eV and CB, VB edges
of −0.6 and +1.3V vs. NHE, respec vely. CaFe2O4 is a promising photocathode material that
has sufficient potential for H2 production under visible light. The abundance of its
constituent elements (Ca and Fe) is highly advantageous for large scale applications. The
IPCE was in the range 5–15% in the UV region and it was less than 5% in the visible light
region. By connecting p‐type CaFe2O4 and n‐type TiO2 electrodes, this system could achieve
PEC water splitting without bias potential as shown in Figure 1.17.
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Figure 1.17 (a) Reaction and band model in the tandem PEC cell. (b) Current‐potential curve
and SEM image for the TiO2 electrode. (c) Current‐potential curve of a photocell with
CaFe2O4 and TiO2 electrodes and model structure of side‐by‐side tandem cell. (d) Hydrogen
and oxygen gases generated from short‐circuiting, by connecting the CaFe2O4 and TiO2
electrodes together, as a function of illumination time. (e) Current‐time evolution for the
photocell short‐circuited by connecting the CaFe2O4 and TiO2 electrodes, and SEM image of
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CaFe2O4 after 48 h reaction. All reactions were carried out in 0.1 M NaOH aqueous solution
under illumination (500 W Xe lamp). (Adapted from reference117)

1.4.5 The semiconductors selection for tandem PEC in this thesis
Among all metal oxides, two materials have been identified as candidates and investigated
in this thesis: n‐type BiVO4 and p‐type NiO. BiVO4 shows enhanced visible light absorption up
to 510 nm, and it produces oxygen photochemically under visible light illumination.118
BiVO4 is one of the attractive materials for a photoelectrode because of its highly active
visible light driven photocatalytic activity for O2 evolution (quantum yield: 9% at 450 nm).119
It has three crystal systems: scheelite structure with monoclinic and tetragonal systems, and
ziron structure with a tetragonal system.120‐122 Synthesis of BiVO4 thin films can be achieved
by a number of routes: solid‐state,123 aqueous process,124,125 hydrothermal126,127 and
electrochemical deposition.128 In contrast to many metal oxides with VB positions near 3.0
eV (vs. RHE) like TiO2 due to O 2p orbital, band structure calculations have shown that the
VB of BiVO4 is raised to 2.4 eV due to Bi 6s and O 2p hybrid orbitals.46,129,130 This state mixing
provides two important functions: (1) it provides the VB shift towards the vacuum level,
minimising the band gap (to 2.4 eV utilising the blue portion of the visible spectrum) and
lowering the overpotential for water oxidation,123,131 and (2) it provides relatively light hole
effective masses resulting in better hole conductivity compared to other metal oxide
semiconductors.132 But the CB of BiVO4 is near 0.0 V (vs. RHE)129,133 requiring a sacrificial Ag+
electron acceptor, because the CB potential is not negative enough for hydrogen
generation.119,123 So BiVO4 cannot drive overall water splitting alone. This limitation can be
overcome by an additional potential provided from an external applied bias potential,128 a
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photovoltaic cell,134 or a photocathode with more negative water reduction potential
connecting in a tandem configuration photoelectrochemical cell.2,135,136
BiVO4 has been selected in this work due to its visible spectrum response of up to 500nm,
high stability in neutral pH, a relatively large negative overpotential for water oxidation
(onset of photocurrent is ‐0.6V versus Ag/AgCl when sweeping towards positive potential
direction), and has been demonstrated previously to be an effective photoanode. In this
study, the synthesis method was from Bi2O3 and V2O5 in an aqueous acetic acid solution,
which was first developed and published by Iwase et al.118
There is substantial scientific and technological interest in developing p‐type nanostructured
metal oxides semiconductors. However, few metal oxides tend to be p‐type. NiO is one
candidate with demonstrated p‐type character as thin films.137 Reguig et al. showed that Ni
vacancies lead to p‐type conductivity. Moreover, NiO can be made to switch from p‐type to
n‐type by elevating temperatures in an oxygen rich environment by decreasing the
concentration of Ni2O3.138 NiO has a six‐fold octahedral coordination, the so‐called rock salt
structure. Crystalline NiO has a dense structure that does not allow for intercalation of
charge‐compensating anions.139 Nanocrystalline NiO could be prepared by various
methods,140‐142

including

electrodeposition143

and

sol‐gel

techniques.144

The

electrodeposition and sol‐gel methods can prepare nanostructured NiO electrode.145‐147
There has been considerable research recently into the use of nanoscale NiO for
electrochromic

devices,148,149

super

capacitors,150,151

lithium‐ion

battery,152

gas

sensors,153,154 and a catalyst to oxidise various contaminants.155
NiO was chosen for this study, as it is a stable wide band gap material. NiOx nanoparticles
were used in this study to making a paste first, then electrode film preparation on a
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substrate, and sintered to form a NiO film.156 “Sensitisation” approach will be used to
improve the light absorption of NiO.
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1.5 Dye‐sensitised solar cells
1.5.1 Development of dye‐sensitised solar cells
The concept of “sensitisation” by using dye for the spectral sensitisation of inorganic
materials had been first extensively studied particularly by the dye‐sensitisation of silver
halide for photographic application. The sensitisation of wide band gap semiconductors,
such as ZnO by organic dyes was established and developed in the 1960s by Gerischer.157,158
Due to the use of bulky semiconductor electrodes adsorbing only limited amounts of dye
sensitisers on the small available surface area, the performance of the first dye‐sensitised
photoelectrochemical cell was poor. It was primarily limited by the low light harvesting
efficiency (LHE).159
In 1991, B. O’ Reagan and M. Grätzel published a breakthrough. They utilised a mesoporous
semiconductor TiO2 electrode instead of the single crystal bulky electrode structure, and
achieved energy conversion efficiency of up 7‐8 %.160 The mesoporous morphology of the
semiconductor is important, creating a high internal surface area which leads to significantly
improved dye adsorption. The internal surface area was approximately 1,000 times higher
than the projection area of the film (roughness factor=1,000).161
The basic device structure of DSSCs can be easily modified by replacing each component
with an alternative material. In order to improve the photo‐energy conversion efficiencies of
DSSC, many materials were developed. Research development was mostly focusing on
finding and developing different nanostructured metal oxide semiconductors, new
structured dyes and various types of the electrolytes.
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TiO2 is a stable and efficient charge‐transfer material with photoanodic performance, which
affords the highest efficiency.96,162 Many other metal oxide systems have been tested, such
as ZnO, 32,164,165, SnO2, 163‐166 and Nb2O5167 as well as core‐shell structures.168 These metal
oxide semiconductors showed n‐type behavior in DSSC. The ZnO DSSC showed lower
conversion efficiency than the TiO2 DSSC.169 Although SnO2 has higher electron mobility, due
to the lower CB level, the conversion efficiency of SnO2 DSSC was much lower than the TiO2
DSSC.170 The developments of nanostructured metal oxide electrodes for DSSC have been
reviewed.171,172 Since 2009, large efforts have been made to optimise the morphology of the
nanostructured electrode, and a large range of nanostructures has been developed, such as
nanotubes,64 nanowires173,174 and single crystalline nanorods.175,176
Since 1991, there have been extensive studies on dye‐sensitised solar cells (DSSCs) in
developing new dye structures to attach mainly on nanocrystalline semiconductor systems.
Thousands of dyes have been developed and tested in this n‐type of cell to date.5 An
excellent review on the photophysical properties of Ruthenium complexes and their
influences on TiO2 base DSSC has been published.177 Ruthenium (II) bipyridyl complexes,
such as the well‐known N719 [RuL2 (SCN)2 (L = tertrabutylammonium 4’‐carboxy‐2,2’‐
bipyridine‐4‐carboxylate)], have recorded conversion efficiencies of over 10 %.178‐180
Porphyrins are good candidates as photosensitisers.181 Developments before 2004 is
reviewed by Officer et al.182 More recent progress and work has been reviewed by Diau et
al.,183,184 Imahori et al.185,186 and Mozer et al.187,188 One of the highly cited record DSSC
conversion efficiency of 12.3 % has been obtained from a mixture of zinc porphyrin dye YD2‐
o‐C8 and an organic dye with using a Co2+/Co3+ containing liquid electrolyte.189 In 2014, a
single porphyrin dye SM315 with a donor‐linker‐acceptor (D‐π‐A) structure achieved 13%.162
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As an alternative to the metal complex dyes, the organic dyes have advantages of the high
absorption coefficient and the facile structural modification.5 At the beginning of the
development, cyanine and merocyanine based dyes were developed for DSSC with
conversion efficiency (< 2.7 %).190,191 The D‐π‐A structure in a new class organic dye has
improved the conversion efficiency, up to 5.6 %.192 Koumura et al. developed the carbazole
based dye with a hexyl‐substituted oligothiophene linkage in 2006, which has achieved
conversion efficiency of DSSC to be 7.7 % and increased open circuit voltage (Voc).193
Recently, the triphenylamine based dye with an ethylenedioxythiophene‐dithienosilole
linkage achieved the highest conversion efficiency among the DSSC with organic dyes
(10.1%).194
The D‐π‐A structure as a design rule has also been applied in developing dyes for p‐type
DSSC. A series of the highest efficiency D‐π‐A structure dyes for p‐type DSSC were published
by Nattestad et al. in 2010.195 Based on 1.25 µm NiO film prepared from commercially
available NiO nanoparticles, a Voc of 0.218 V and a Jsc of 5.35 mA/cm2 were achieved, with η
of 0.41 %. The tandem cell combined with N719/TiO2 as photoanode exhibited the highest
efficiency of 2.42 %. These dyes are comprised of perylenemonoimide (PMI) as electron
acceptor, a regioregular 3‐hexylsubstituted thiophene unit as the conjugated chain, and
triphenylamine (TPA) as electron donor. The carboxylic acid anchoring groups are attached
to the TPA of the donor group. The electron density of the LUMO for these dyes is located at
the PMI and the adjacent thiophene ring. The HOMO is distributed over the entire π‐
conjugated system. The oligothiophene bridge creates a physical space between electron
density in the LUMO and the semiconductor surface, which can decrease the possibility of
charge recombination.
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For a general DSSC, an electrolyte is produced using organic liquids such as acetonitrile as
the electrolyte solvent with I‐/I3‐ as redox couple. In the electrolyte, some iodide salts
supplied I‐, such as halogen iodides,196 alkylammonium iodides,197 alkylimidazolium
iodides,198 and alkylpyridinium iodides.199 These species of the cations significantly
influenced the photovoltaic performance of DSSC.200,201 During the fabrication process,
water is very likely to be introduced into the device. However, for DSSC electrolyte, water is
an undesirable contaminant, as it leads to the formation of iodate,202 dye desorption from
TiO2 surface,203 low device efficiencies and device instability.204,205 Daeneke et al. developed
a carbazole dye DSSC with aqueous electrolytes and ferricyanide/ferrocyanide as redox
couple.206 The performance of the aqueous DSSC device is exceptionally good with
conversion efficiency of over 4 %. The application of water as electrolyte in DSSC is highly
attractive due to its non‐toxicity, non‐flammability and solubility of many potential redox
mediators. Following this work, the same group published another aqueous electrolyte DSSC
with the first application of a cobalt (II)/(III) tris (2,2’‐bipyridine) based redox couple.207
Driven from avoiding leakage and volatility by using liquid electrolyte in DSSC, solid‐state
DSSC was developed with ionic liquid208 as electrolyte and then organic hole conductors
such as spiro‐OMeTAD97 and PEDOT.209

1.5.2 Principles of dye‐sensitised solar cells
The mechanism of the DSSC is fairly well studied and understood.5,96,210,211 Figure 1.16
shows the scheme of n‐type DSSC under illumination. A photon is absorbed by a dye
molecule. The dye is excited from the ground state to the excited state (dye*) and injects an
electron into the conduction band (CB) of TiO2, leaving the dye in its oxidised state (dye+).
The injected electron migrates through the TiO2 to the electron collector fluorine doped tin
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oxide (FTO), a transparent conducting electrode. Dye regeneration occurs by electron
transfer from the reduced mediator (I‐) in the electrolyte solution, which generates the
oxidised mediator (I3‐). By charge transfer from the external circuit, the oxidised species (I3‐)
in the redox couple will be reduced to I‐ by the catalytic effect of platinum at the counter
electrode. There are 5 major steps listed in Figure 1.18 representing the electron transfer
processes in TiO2 based n‐type DSSC devices:
Dye*/TiO2

1) Excitation:

Dye/TiO2 +

2) Electron injection:

Dye*/TiO2

3) Dye regeneration:

Dye /TiO2

4) Recombination:

e¯ TiO2

Dye /TiO2
3/2 I¯

e¯ TiO2

Dye/TiO2

Dye /TiO2 or ½ I3¯

5) Redox regeneration: ½ I3¯ e¯ Pt counter electrode

½ I3¯
Dye/TiO2 or 3/2 I‐
3/2 I¯

(Note: ℎ is Planck constant, : is Photon frequency, ℎ is Energy of the photon with this
frequency. Dye* stands for the dye in excited states; Dye stands for the dye in oxidised
state.)
To understand the electron transfer steps in n‐type DSSCs, four important electron energy
levels are listed in Figure 1.18. These are the Fermi level of the semiconductor (dash line),
the ground state (highest occupied molecular orbital, HOMO), the excited state (lowest
unoccupied molecular orbital, LUMO) of the dye, and the energy potential of the redox
couple in the electrolyte. To achieve charge transfer in n‐type DSSC, the LUMO of the dye
must be more negative than the CB of the TiO2 for the electron injection. The HOMO of the
dye must be more positive than the potential of redox couples for the dye regeneration.
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Figure 1.18 Schematic of energy diagram illustrating the five key processes of electron
transfer in a TiO2 based n‐type DSSC device under illumination.
While the majority of DSSCs are n‐type, p‐type DSSCs have started to emerge as a viable
alternative. Holes are injected from the photo‐excited dyes into the valence band (VB) of a
p‐type semiconductor like NiO, shown in Figure 1.19.
Taking the NiO based p‐type DSSC for example; the dye is excited by absorbing a photon,
and injects a hole into the VB of NiO, leading to a reduced state of the dye (dye‐). The
reduced dye is regenerated by electron transfers to the oxidised mediator (I3‐) in the
electrolyte solution, which generates the reduced form of the mediator (I‐). By charge
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transfer from the external circuit, the reduced species in the redox couple will be recovered
at the counter electrode. There are 5 major steps in Figure 1.20 standing for electron
transfer processes in NiO based p‐type DSSC devices:
1) Excitation:

Dye/NiO +

2) Hole injection:

Dye*/NiO

3) Dye regeneration:

Dye¯ /NiO

4) Recombination:

h

NiO

5) Redox regeneration: 3/2 I¯

Dye*/NiO
Dye¯ /NiO
½ I3¯

NiO

Dye/NiO

Dye¯ /NiO or 3/2 I¯
½ I3¯

h

3/2 I¯
Dye/NiO or ½ I3¯

e¯ Pt counter electrode

(Note: ℎ is Planck constant, : is Photon frequency, ℎ is Energy of the photon with this
frequency. Dye* stands for the dye in excited states; Dye¯¯ stands for the dye in reduced
states.)
To understand the electron transfer steps in p‐type DSSCs, the above four important
electron energy levels are the same and listed in Figure 1.19. On the contrary, to achieve
charge transfer in a p‐type DSSC, the HOMO of the dye must be more positive than the VB
of NiO for hole injection, while the LUMO must be more negative than the potential of
redox couples for the dye regeneration.
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Figure 1.19 Schematic of energy diagram illustrating the five key processes of electron
transfer in a NiO based p‐type DSSC device under illumination.
The theoretical Voc value in DSSC is decided by the difference between the Fermi level of
semiconductors (Ef) and the redox potential in the electrolyte (e.g. I‐/I3‐, Eredox) as shown in
Figure 1.18 and 1.19. The practical Voc value in DSSC is affected by the recombination
processes under the open‐circuit condition. To estimate the performance of DSSC, we need
to study some fundamental measurements.
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1.5.3 Characterisation methods for dye‐sensitised solar cells
Photo‐energy conversion efficiency (η) of DSSC is calculated in Equation 1.12 by
multiplication of short‐circuit current (Jsc), open‐circuit voltage (Voc) as shown in Figure 1.20,
and fill factor (FF) in Equations 1.13. Each component, Jsc, Voc, FF, is available by measuring
the current‐voltage (J‐V) curve using a solar simulator, which will give the air mass 1.5 global
fit (AM 1.5, 100 mW/cm2) spectrum. The FF is defined by the ratio of the maximum power
of the solar cell per unit area (Pmax) divided by the JSC and VOC according to Equation 1.13,
where Pin is the intensity of the incident light.

Figure 1.20 Typical J‐V curve of DSSC. The J‐V curve of the DSSC was measured with a
Keithley 2400 source meter under illumination of an AM 1.5 solar simulator.

(Eq. 1.12)
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(Eq. 1.13)
Another fundamental measurement to characterise the DSSC is the incident‐photon‐to‐
current (IPCE) measurement as calculated in Equation 1.14. The IPCE value corresponds to
the photocurrent density generated, under the monochromatic illumination of the solar cell,
in the external circuit divided by the photon flux which strikes the solar cell (

). The

IPCE values as a function of wavelength provide practical information about the
monochromatic quantum yields of a DSSC. LHE is the light harvesting efficiency of the dye
molecules, which is related to the UV‐visible absorption spectra results of the dye in
Equation 1.15. From IPCE and LHE, the absorbed photons to current efficiency (APCE) can be
calculated according to the Equation 1.16.

(Eq. 1.14)

(Eq. 1.15)

(Eq. 1.16)

1.5.4 Dye‐sensitised photoelectrochemical water splitting cells
Dye sensitisation, inspired by the operating principles of DSSC, has been explored to
increase the visible light response of large band gap inorganic oxide semiconductors for
photoelectrochemical water splitting.20 To improve light harvesting efficiency, a dye is
attached to the semiconductor’s surface typically forming a photoanode in n‐type DSSCs.
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Mallouk et al. have demonstrated PEC water splitting under visible light using a dye‐
sensitised photoelectrochemical cell (see Figure 1.21), in which hydrated iridium oxide
(IrO2∙nH2O) nanoparticles attached with Ru‐complex sensitiser molecules serve as the O2
evolution catalyst.212 By using 450 nm light at 7.8 mW/cm2 intensity, an internal quantum
yield of ~0.9% was achieved with 12.7 µA/cm2 photocurrent from a sensitised working
electrode. The overall water splitting is assisted by a small applied voltage, which could be
analysed by several steps listed below:
1) Excitation:

Dye/TiO2 +

2) Electron injection:

Dye*/TiO2

3) Dye regeneration:

Dye /TiO2

Dye*/TiO2
Dye+/TiO2 + eˉ (TiO2)
e¯ IrO2∙nH2O)

4) O2 evolution: 4IrO2∙nH2O+ + 2H2O
5) H2 evolution: 2e‐ (Pt) + 2H+

Dye/TiO2

IrO2∙nH2O+

4IrO2∙nH2O + O2 + 4H+
H2

The ultrafast electron injection kinetics between excited dyes and TiO2 has been utilised for
solar‐driven water splitting. If charge injection kinetics is faster than dye excited state
relaxation, dye cations with large quantum yield can be generated. The oxidised dye is then
regenerated by electron transfer from water in the OER reaction (Eq. 3). The injected
electrons migrate through the external circuit and reduce protons at the cathode. The
formation of oxygen and hydrogen was confirmed by gas chromatography. However, the
decay in photocurrent of the sensitised working electrode was always accompanied by
bleaching of the visible absorbance of the film.

58

Figure 1.21 Schematic of a dye‐sensitised PEC water splitting cell. (Adapted from
reference212)
There are significant problems with using n‐type dye‐sensitised photoanode for solar‐driven
water splitting in an aqueous electrolyte. The following key issues presented below are the
limiting points for water splitting:
1) The oxidation potential of the dye needs to be larger than the oxidation potential of
water, such as +1.23 V (at pH 0). In the absence of strong catalytic activity of the dye
itself, large (at least 0.5V) overpotential is required to effectively drive this reaction.
Currently, the number of dyes that have such a high oxidation potential and are able
to perform all the other functions, such as visible light absorption and charge
injection, is limited.
2) Using a co‐catalyst may reduce the overpotential for water oxidation; however it
introduces another challenge ‐ interfacing the light harvesting unit with the co‐
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catalyst. While the water oxidation overpotential may be decreased, a new electron
transfer step is introduced between the light harvesting dye and the co‐catalyst,
which requires an additional driving force to proceed rapidly and efficiently.
3) Under strongly oxidising conditions, the dye or the interface between dye and
semiconductor can be chemically unstable. Most dyes absorbing in the visible
spectral range contain unsaturated double bonds, which are prone to oxidation
under strongly oxidising conditions, leading to instability.213 Some semiconductors
are not stable to the high or low pH of aqueous electrolytes.
4) The nucleophilic attack on the oxidised dye from protons in water may catalyze dye
desorption. Because of stability and easy synthesis, the carboxyl group is most
widely employed. It is commonly assumed that the carboxyl group forms a linkage to
a Ti atom on the semiconductor surface by condensation with a Ti‐OH moiety.214,215
Phosphonic acid binding groups were first developed by Pechy et al.216 Phosphonic
acid has good injection properties and the strongest adsorption energy.217,218
In Figure 1.22, researchers have demonstrated a PEC water splitting cell under visible light
illumination using a dye‐sensitised photoanode coupling the earth‐abundant manganese
water oxidation catalyst imbedded in a proton‐conducting phase (Nafion) to produce O2.219
The dye employed is a ruthenium sensitiser [Ru(bpy)3]2+, which has a high electrochemical
oxidation potential. This system can oxidise water into O2 under visible light and without
bias potential. As the authors suggested, combination of such an effective “bio‐inspired
catalyst” with an efficient dye molecule will be one of the promising PEC water‐splitting
systems workable under visible light. The peak photocurrent generated in this system is
averaged to be 31 µA/cm2. The peak IPCE of 1.7 % corresponds to the maximum in the
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absorption band from metal‐to‐ligands charge transfer of the dye sensitiser. Production of
oxygen can be confirmed by using a Clark electrode.

Figure 1.22 (A) Schematic of the photoanode consisting of a TiO2 layer sensitised with a
ruthenium dye, and coated with a Nafion film doped with [Mn4O4((MeOPh)2PO2)6]+ (1+). (B)
Cross‐sectional of the PEC devices consisting of the dye‐sensitised TiO2 photoanode, Nafion
with Mn complex and a Pt cathode in aqueous electrolyte. The relative energy levels and
proposed electron transfers are also shown. (Adapted from reference219)
Another PEC device with a molecular ruthenium catalyst assembled by a modified Nafion on
a TiO2 based dye‐sensitised photoanode and a Pt foil as cathode has been published; device
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cross‐sectional structure is shown in Figure 1.23. They confirmed that the visible light
response, by using ruthenium complex, is from water oxidation with a 500 W xenon lamp
through a 400 nm cut off filter. Water oxidation without any bias potential was confirmed
by the formation of oxygen with 140 nmol/ml after 60 min irradiation in a pH 7.0 phosphate
buffer solution detected by a Clark electrode. Hydrogen is produced with a small bias of ‐
0.325 V vs Ag/AgCl for overall water splitting. The acidity of the Nafion layer caused an
increased overpotential for water oxidation, which leads to the fast decay of photocurrent.

Figure 1.23 PEC device comprising a dye‐sensitised TiO2 film on a FTO coated glass with a
Nafion film penetrated with a ruthenium complex. (Adapted from reference220)
In summary, three TiO2 based n‐type dye‐sensitised PEC water splitting systems reviewed
above have been reported to oxidise water using ruthenium sensitiser [Ru(bpy)3]2+ with co‐
catalysts. They are all based on n‐type dye‐sensitised TiO2 as photoanode. All dye‐sensitised
water splitting cells above operate with low quantum yield (1‐3%), due to the fast kinetics of
back electron transfer relative to slow reaction kinetics of water splitting. Furthermore, the
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performance shows very short device lifetimes in the realm of minutes and some need an
external bias voltage supply. The concept, however, is promising if the kinetics and stability
problem can be solved. They still provide the promising concept of utilising “sensitisation”
from DSSC into developing PEC water splitting systems.

63

1.6 P‐type photoelectrochemical solar‐driven water splitting
In this chapter, semiconductor based solar‐driven water splitting has been reviewed based
on three areas: semiconductor based materials (n‐type and p‐type), solar‐driven water
splitting systems (photochemical and photoelectrochemical (PEC) water splitting), and dye‐
sensitised solar cells.
With the aim of achieving unassisted overall water splitting for efficient and economical
conversion of solar energy into chemical fuel, three major approaches to improve the solar‐
driven water splitting system have been well developed: such as single semiconductor
approach (a single photocatalyst or a single junction PEC water splitting cell), multi‐
semiconductors approach (“Z‐scheme” system and tandem PEC water splitting cells), and
the “sensitisation” approach. PEC water splitting cell shows more promise for application. It
can provide good gas products separation from water, and the tandem structure could
provide enough potential for driving overall water splitting reactions.
Applying the “sensitisation” in PEC water splitting systems, n‐type dye‐sensitised
photoanode for water oxidation has been reviewed for solar‐driven water oxidation
reactions. Demonstration of a p‐type dye‐sensitised photocathode for long term hydrogen
generation stability without co‐catalyst is still rare, while a number of efficient p‐type
semiconductors117,221,222 or p‐type dye‐sensitised photocatrode with co‐catalyst coating with
nafion have been developed.223
Actually, p‐type dye‐sensitised solar cells show promising potential to be utilised in water
based electrolyte for solar‐driven water splitting. The advantages of p‐type dye‐sensitised
photocathode for water splitting are listed below:
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1) Most commercially available or naturally existing dyes possess reduction potentials
that are sufficiently high to reduce proton in water to hydrogen gas. This approach
therefore provides a much wider choice of dyes as sensitisers for dye‐sensitised
water splitting system.
2) Comparing with only a few water oxidising co‐catalysts known, a large range of
efficient, hydrogen generating co‐catalysts are available. Because Equation 1.2 is
significantly less difficult to occur than Equation 1.3, it is easier to find or develop p‐
type dyes that employ a catalytic action capable of facilitating Equation 1.2 than it is
to find n‐type dyes capable of catalyzing Equation 1.3.
3) Typical sensitisers containing unsaturated bonds are more stable in reductive
environment than in a strongly oxidising one during water oxidation. For this reason,
PEC cells employing p‐type dye‐sensitised photocathodes are likely to have longer
lifetimes and be more durable.
4) P‐type dye‐sensitised photocathodes make it feasible to fabricate a tandem cell in
which a p‐type dye‐sensitised photocathode is combined with an existing inorganic
semiconductor or n‐type dye‐sensitised photoanode. For example, a photocathode
employing a visible light absorbing p‐type sensitising dye may be combined with a
semiconductor photoanode that absorbs visible and ultra‐violet light. A PEC cell of
this type may then absorb a larger overall portion of the solar spectrum than an n‐
type dye‐sensitised solar cells or single semiconductor based PEC water splitting
systems.
5) Finally, hydrogen is the final product as a sustainable energy source. However, most
of the research is focusing on the oxygen generation, which is believed to be the
limiting step for overall water splitting. By developing efficient photocathodes, this
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actually provides another alternative; as using the decomposition of organic media
for the oxidation side is easier to do and has a more environmentally beneficial
impact.
Consequently, a route is clear to developing improved tandem solar‐driven water splitting
devices focusing on p‐type dye‐sensitised photocathode, which addresses or at least
diminishes one or more problems inherent in the prior art. There should be an optimistic
route leading to a hydrogen based “renewable energy” future, which avoids the carbon
related fossil fuels. There is also no publication on a tandem PEC water splitting system
utilising a p‐type dye‐sensitised photocathode for unassisted overall water splitting with
hydrogen generation.
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Chapter
2 General Experimental
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2.1 Chemicals and materials
Nickel (II) oxide nanoparticles (73.6% Ni, nominal particle size: 20nm) were purchased from
Inframat Corporation (U.S.) and were used as received. The following chemicals were also
used as received: Triton X100 (Sigma‐Aldrich), Acetylacetone (Sigma‐Aldrich), Acetonitrile
(Sigma‐Aldrich), Dimethyl formamide (DMF) (Sigma‐Aldrich), Ethyl cellulose (433837)
(Sigma‐Aldrich), Tert‐butanol (t‐BuOH) (Sigma‐Aldrich), Lithium iodide (LiI) (Sigma‐Aldrich),
Iodine (I2) (Merck), Tetrabutylammonium perchlorate (TBAP) (Fluka), Propylene carbonate
(Sigma‐Aldrich), Sulfuric acid (H2SO4, 98%) (Merck), and Sodium sulfide (Na2SO4) (Sigma‐
Aldrich). Deionised water was produced in house using a reverse osmosis purification
system (Milli‐Q, Millipore Corporation). The purification processes involve successive steps
of filtration and deionization to achieve a purity expediently characterised in terms of
resistivity (typically 18.2 MΩ∙cm at 25 °C).
Four complexes of dipyrrin (dipyrromethene) ligands dyes obtained from Dr. Shane Telfer’s
group at Massey University were: dye1 [Ru(bipy)2(COOH‐dipy)], dye2 [Ru(bipy)(COOH‐
dipy)2], dye3 [Rh(COOH‐dipy)3], dye4 [Ru(4‐MeOdipy)2(4,4’‐diCOOH‐bipy)]. One dye was
synthesized by Dr. Pawel Wagner from the Intelligent Polymer Research Institute (IPRI) of
the University of Wollongong: dye5 [Ru(bipy)2(H2dcbpy)2+]. Organic dyes of dye6 and dye7
were provided by the research group of Prof. Peter Bäuerle from the University of Ulm in
Germany. The two dyes are a series of donor‐acceptor dyes using an oligothiophene
coupled to triphenylamine (TPA) as the donor, perylenemonoimide (PMI) as the acceptor,
and regioregularly alkylated oligo‐3‐hexylthiophene as the conjugation chain.1 The length of
the thiophene unit was varied from a bithiophene (dye6 [PMI‐2T‐TPA]) to a sexithiophene
(dye7 [PMI‐6T‐TPA]). The molecular structure and formulae information for all these dyes
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are provided in Figure 2.1. All the dyes were used without further purification. Synthesis
details for several of these compounds have been previously reported.2‐4
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Figure 2.1 Chemical Structures of organic dyes used in this thesis. (a) Dye1, (b) dye2, (c) dye3
and (d) dye4 were obtained from Dr. Shane Telfer’s group at Massey University. (e) Dye5
was synthesized from IPRI. (f) Dye6 and (g) dye7 were obtained from the University of Ulm
in Germany.
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The BiVO4 particles with a tetragonal scheelite structure (s‐t) were synthesized from Bi2O3
and V2O5 in an aqueous acetic acid solution by the method reported by Dr. Akihide Iwase in
UNSW.5
Graphene oxide is usually synthesized by exfoliation of graphite oxide obtained from
oxidation of natural graphite powder with oxidants in acidic media. The typical method of
synthesizing graphite oxide was developed by Hummers.6 By treatment with KMnO4 and
NaNO3 in concentrated H2SO4, graphite was oxidised into graphite oxide. Then graphite
oxide was further exfoliated into graphene oxide sheets in water by ultrasonication to form
a stable aqueous dispersion. The graphene oxide can be purified and separated by
centrifugation and dialysis to remove aggregates and various inorganic impurities. The
graphene oxide aqueous solutions (3 mg/ ml) used in this thesis were synthesized by Kewei
Shu and Dr. Sanjeev Gambhir from IPRI.
Glass microscope slides were purchased from Asahi and cut to size. Transparent conductive
oxide (TCO) substrates used were fluorine doped tin oxide (FTO, 4 mm, 8 Ω / square, Nippon
Sheet Glass, in Japan). Indium‐doped tin oxide (ITO) coated glass (less than 10 Ω/square)
was purchased from Delta Technologies. For the screen printing DSSC fabrication process,
the FTO substrate was cut into 10 cm × 10 cm; while for the doctor blading process, the
substrate was cut into 3 cm × 3 cm. Platinum mesh (from Goodfellow, Cambridge, UK) was
used as counter electrode. The pH was measured using a pH meter (Hanna Checker) from
Sigma Aldrich.
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2.2 General instrumental techniques
2.2.1 Electrochemical characterisation
Electrochemical characterisations are employed for study the chemical reactions which
occur at the interface of an electrode such as a metal or semiconductor and an electrolyte in
a solution, and which can demonstrate the transfer of electrons either between the
electrode and electrolyte, or between the electrode and solution.
All electrochemical and photoelectrochemical experiments need a potentiostat system.
Three kinds of electrochemical methods were used with different testing purposes in this
thesis.
1) Constant current control (Galvanostatic method): The galvanostat responds to
changes in the resistance of the cell by varying its output potential, keeping current
in constant. This method is applied for calibration of gas generation from water
electrolysis.
2) Constant potential (Potentiostatic method): The voltage is under control versus
reference electrodes for monitoring the current change of working electrode in the
cell. Photocurrent changes of solar‐driven PEC water splitting devices are studied by
this method.
3) Cyclic voltammetry (CV) (Potentiodynamic method): for testing the onset oxidation
and reduction potentials of dyes. The electrochemical equipment used was an e‐
DAQ potentiostat system with e‐corder 401 to interface with a computer.
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A cyclic voltammogram (CV) is a curve produced from a plot of the current (amps, A)
supplied at the working electrode against the applied voltage (volts, V). The cyclic
voltammogram provides information on redox processes, including reduction and oxidation
which occurs at a particular voltage when an electron is transferred to or from a molecule or
ion respectively. That voltage depends on the properties of the analytes measured. The
oxidation and reduction current is proportional to the concentration of the analytes. Figure
2.2 shows an example of a typical CV of 1 mM ferrocene in ACN solution. Each wave in the
voltammogram represents a reversible single‐electron process and consists of both an
oxidation and reduction component. The half‐wave potential is the midpoint between the
oxidation and reduction components of each wave and is calculated using Equation 2.1.

E1/2 =
CV studies in this thesis were performed using a three electrode cell comprised of a
platinum disc working electrode (8 mm2 active area), a platinum mesh counter electrode
and an Ag/Ag+ reference electrode constructed by dipping a silver wire into an 0.01 M
AgNO3 solution with 0.1 M TBAP in acetonitrile (if in organic solvent) or Ag/AgCl in 3 M NaCl
aqueous solution (if in aqueous solvent). The first forward scan from negative to positive
potentials is where the oxidation peak shows up from the working electrode. Reduction
takes place in the reverse scan.
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Figure 2.2 A typical cyclic voltammogram of 1 mM ferrocene solution, showing the peak
cathodic and anodic current respectively for a reversible reaction.
For example, for testing the half‐wave potential (E1/2) of dyes, CV measurements were
performed on 0.5 mM dye ACN solutions and 1 mM ferrocene ACN solutions at a scan rate
of 100 mV/s using 0.1 M TBAP as the supporting electrolyte. The ferrocene redox potential
versus vacuum energy level is a fixed value. CV vs Ag/Ag+ can be converted into vs Fc/Fc+,
which is used as a standard in electrochemistry.
Before each testing, the solution was purged with N2 prior to recording voltammograms in
order to remove any dissolved redox‐active gases. During the experiment, a gentle stream
of nitrogen was blown over the top of all solutions during measurements. After CV testing,
the platinum disc working electrode was rinsed with acetone, sonicated in 1 M NaOH
aqueous solution for 5 minutes and polished using a slurry made from 0.2 µm silica powders.
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2.2.2 Solar simulator and J‐V curve testing system
The intensity and spectral distribution of the light source is important to any efficiency
measurements in a device for converting solar energy. The sun is the final light source for
solar energy conversion application. The spectral distribution and total intensity of the sun
received terrestrially is from a 5900 K black body influenced by three factors:7 firstly,
absorptions of atmospheric or stratospheric ozone, carbon dioxide and water; secondly, the
scattering of atmospheric particles; thirdly, the atmospheric path length (air mass or AM).
AM 0 is the spectra of the sun at the edge of earth’s atmosphere, and AM 1 is directly under
midday equatorial sun, while AM 1.5 is the sun with its angle 41.8o above the horizon. The
solar intensity of AM 1.5 is 1000.4 W/m2 by ASTM G‐173 standard measurement under rural
aerosol loading. AM 1.5 is the most equal to typical daytime sun light illumination. Figure
2.3 shows the AM 1.5 spectrum (ASTM G‐173) spectral irradiance as functions of
wavelength.
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Figure 2.3 Sunlight spectral irradiation under AM 1.5 condition from ASTM G173.
To measure the photo‐energy conversion efficiencies of fabricated solar devices, a Newport
solar simulator with 1000 W Xenon lamp equipped with an AM 1.5 filter was used. The
output was calibrated to 100 mW/cm2 white light by controlling the current input. Figure 2.4
shows the set‐up of this system and its spectrum intensity versus wavelength compared
with the AM 1.5 as standard. It is a broadband illumination source system, which could
provide uniform illumination of different wavelength intensity matching closely natural
sunlight.
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Figure 2.4 Solar simulator set‐ups for measurement of photo‐energy conversion efficiency
and its spectrum matching with sunlight spectral irradiance under AM 1.5 conditions.
White light output from the lamp source in the simulator was monitored and controlled via
a silicon detector and feedback control located under the main collimating lens of the
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system. When the lamp is first started before the measurements, calibration must be
performed by a Si calibration solar cell.
This set‐up is designed for solar cell characterisation measurements of photocurrent/
photovoltage (J‐V curve). In operation, the solar simulator applies simulated sunlight to the
test device while the J‐V curves were acquired using a Keithley 2400 source measure unit to
measure the output current and to linearly sweep the voltage applied to devices from ‐0.05
V to 0.85 V at a scan rate of 25 mV/s. The system software controls the measurement
instruments, presents the measurement data in graphical format, derives and presents the
device performance parameters, and saves data in accessible test files.
Four parameters are determined while measuring the J‐V curve of the device:
1) Open circuit voltage (Voc), cell photovoltage when the current equals to zero;
2) Short circuit current (Jsc), cell photocurrent when the voltage equals to zero;
3) Fill Factor (FF), which is the ratio of maximum power output of the cell to the
product of Voc × Jsc;
4) Energy conversion efficiency (η), which is the ratio of maximum power output to the
applied incoming light power density (Pin). η = (Voc × Jsc × FF) / Pin
(Note: the details are discussed in Chapter 1)
To avoid the penetration of diffuse light into the active dye‐sensitised film, a black mask
with an aperture area 8 × 8 mm was employed in the sample holder, to measure the
photovoltaic performances.
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2.2.3 Incident

photon‐to‐current

conversion

Efficiency

(IPCE)

measurement for DSSC
Incident photo‐to‐current conversion efficiency (IPCE) is the ratio of photocurrent to
incident photon flux as a function of excitation monochromatic wavelength. Our IPCE for
DSSC was recorded by an in‐house built system shown in Figure 2.5. The DSSC IPCE testing
system composed of a light source (300 W Xenon lamp from Newport) and a
monochromator equipped with automatic filter wheel with 5 cut‐off filters. The light beam
was focused into a spot size smaller than the device active area using a microscope lens and
directed into the sample room by an optic cable. The current was recorded by a Keithley
2400 source measure unit. The photon flux is calibrated with a standard silicon
photodetector (Peccell technologies, Inc Japan, BS‐520, S/N 091).

Figure 2.5 The experimental arrangement used to measure IPCE spectra in this study.
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The IPCE was calculated by the following equation (Equation 2.2):

(Eq. 2.2)
The Jsc(λ) stands for the photocurrent density produced in external circuit under
monochromatic illumination of solar cell. The eΦ(λ) is the photon flux which strikes the solar
cell. The λ [nm] is the wavelength in nm, while the Pin [mW/cm2] is the incoming light power
density.

2.2.4 UV‐Vis‐NIR spectroscopy
An ultraviolet‐visible‐near‐infrared (UV‐Vis‐NIR) spectrophotometer from Shimadzu (UV‐
3600) was employed to measure the optical absorbance, transmission and reflectance in the
200‐3300 nm wavelength range. The absorbance spectra were recorded in the range of 300‐
800 nm to show the absorption spectra of dye in solution and dye attached on NiO
electrode. The traces recorded are accredited solely to the absorbance of each test because
the spectra were baseline corrected, that is both the baseline and solvent spectrum were
automatically subtracted by the spectrophotometer.
UV‐vis absorption spectroscopy was used to identify the optical properties of the dye, both
in solution and adsorbed on the substrate. The wavelengths of the light (λ), together with
the absorbance (A) at this wavelength, are recorded. The purpose of the UV‐visible
spectroscopic analysis in this thesis is to determine what types of electronic transitions are
occurring within the dye, and to test the strength and span of absorption across the UV‐
visible region of the electromagnetic spectrum. All these information is to help ascertain
whether the dye would be suitable as sensitisers in DSSC and solar driven water splitting.
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The molar extinction coefficient (ε) is particularly useful when comparing spectra of
different compounds and determines the relative strength of light absorbing function. Ε is
calculated by the equation below (Equation 2.3):

ε=

(Eq. 2.3)

(Note: A is the absorbance, c is the sample concentration [mol L‐1], and l is the length of light path
through the sample [cm].)

2.2.5 Raman spectroscopy
Raman spectroscopy is a powerful spectroscopic technique used to observe vibrational,
rotational, and other low‐frequency modes in the sample system. It relies on inelastic
scattering, or called Raman scattering, under illumination of monochromatic light, usually
from a laser, in the visible, near infrared, or near ultraviolet wavelength. It is popular due to
it being non‐destructive, and easy sample preparation. It is widely used to study the
molecular vibration of C‐C from carbon based materials like graphene oxide, reduced
graphene oxide and polymers. Raman spectra of NiO/reduced graphene oxide composite
were measured here using a Jobin Yvon Horiba HR800 Raman spectrometer with Labspec
software. Utilising Raman spectra, the electronic structure of graphene oxide and reduced
graphene oxide can be captured.

89

2.3 Device construction procedures
2.3.1 FTO substrate cleaning
The FTO glass was cleaned first in soap water, then in acetone, and finally in ethanol, each
for 20 minutes under sonication. The cleaned FTO glass was dried in air. Then, the FTO glass
was cut into 3 cm × 3 cm square substrates using a diamond cutter, or used directly for
screen printing.
The conductivity of FTO glass was checked and the non‐conducting side was marked. The
cut pieces were then held on a vacuum plate and cleaned by compressed CO2 “Snow
Cleaning” or a UV‐ozone cleaning method. Inorganic dusts and also organic contaminants
such as hydrocarbons must be removed from the FTO substrate surface in order to enable
maximum adhesion of coating.
CO2 “snow cleaning” was used to prepare FTO and also indium tin oxide (ITO, or tin‐doped
indium oxide) surfaces. Compressed CO2 gas was blown from a gun to the surface of the FTO
forming very small dry ice particles and blasted. The gun could control the flow‐rate of CO2
gas. After cleaning, touching or scratching of the conductive surface was avoided.
UV‐ozone cleaning was also performed using a Jelight R model 42‐220. Exposure of the
substrate to UV light and ozone generated from UV could oxidise small traces of organic
contaminants. This cleaning was performed for at least 18 minutes.
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2.3.2 Screen printing of NiO films for p‐type DSSC
15 g of NiO was ground in ethanol (added in small aliquots) in an agate mortar. 50 mL of a
10 wt% ethyl cellulose solution (fully dissolved in ethanol prepared in advance) and 100 mL
terpineol were then added and stirred. After fully mixed, ethanol was evaporated to leave a
terpineol based paste.
This paste was then applied to a custom made mesh screen and printed onto FTO glass,
using a Keywell semi‐automatic screen printer shown in Figure 2.6. The screen was set to a
snap‐off distance of ~5mm, with squeegee pressure of 400kPa, an angle of 15° and a speed
of 0.06 m/s.
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Figure 2.6 Keywell semi‐automatic screen printer.
The printed electrodes were allowed to settle for 5 minutes in a closed petri dish before
sintering to remove air bubbles from the paste slurry after printing. To remove terpineol,
the electrodes were heated first at 125 °C in air. After that, the electrodes’ thickness was
determined using a Veeco Dektak 150 profilometer. Thicker electrodes were produced by
printing multiple times following the above route.
After first drying in air, the electrodes were cut into individual 17 mm × 13 mm pieces. Then
electrodes were sintered using a ramped temperature profile with a series of increasing
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temperatures and hold times to remove the ethyl cellulose and sinter particles into a
nanoporous film. The electrodes were kept at 400 °C for half an hour in air on the hot plate.
Before immersion into dye solution for sensitisation, the electrodes were sintered again at
550 °C for 10 minutes and cooled down in the air to 100 °C, then dipped into the dye
solution for sensitisation.

2.3.3 Doctor bladed NiO films for PEC water splitting
A water based slurry was made for doctor blading and was produced by grinding 2 g of NiO
powder with 10 µL acetylacetone, 25 µL Triton X100 and 12 mL of water (added in small
aliquots whilst grinding) in an agate mortar. The slurry was then sonicated for 30 minutes,
and centrifuged for 20 seconds at 4000 rpm (Eppendorf 5415 D) to remove any remaining
large agglomerates.
Using different layers of the Magic tape (3 M) to control film thickness, NiO films of different
thicknesses like 1.6 µm, 2.0 µm, and 2.5 µm were produced and determined using a Veeco
Dektak 150 profilometer. The NiO film on FTO glass substrate (3 cm × 3 cm) was scraped by
using glass microscope slides into an active area of 3 cm2. NiO electrodes were sintered at
550 °C for 10 min, before sensitisation, or kept for long term use.

2.3.4 Preparation of BiVO4 photoanode
50 mg of BiVO4 powder, 50 µL of acetyl acetone and 150 µL of distilled water (added in
aliquots whilst grinding) were mixed by grinding in an agate mortar. BiVO4 photoanode was
prepared by dropping the mixture onto the FTO substrate with the Magic tap (3M)
controlling the thickness. After the film was fully dried at room temperature, and peeling off
the Magic tape, the electrodes were sintered at 400 °C for 2 h in air.5
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2.3.5 Dye solution and dye‐sensitisation
0.3 mM dyes (dyes were weighed with an aluminum foil sheet) were dissolved in 1:1 (v/v)
acetonitrile (ACN) / t‐butanol (tBuOH). 50 mL of dye solutions were placed in dye jars and
magnetically stirred overnight to ensure dissolution. In the case of organic dyes like dye6
and dye7, 0.2 mM DMF solutions were prepared in the dye jar.
After the last sintering process using 550 °C for 10 minutes to remove any adsorbed organic
contaminants or moisture, the NiO electrodes, both for DSSC and for PEC water splitting,
were cooled down on top of a tile to around 100 °C in the air. Then, the NiO electrodes were
immersed into the dye solutions in the dye jar for 4 hours. They were then washed with
acetonitrile or DMF and dried with a N2 gas stream. The NiO electrodes after sensitisation
were stored in darkness for further p‐type DSSC or PEC water splitting fabrication process.

2.3.6 Electrolyte for p‐type DSSC
Table 2.1 shows the standard recipe of the electrolyte used in p‐type DSSC. All the materials
were kept in a glovebox. After the solution was prepared, it was kept in the dark in a dry
storage container. (The electrolyte should be kept in a glovebox, and sampled less than 0.5
ml each time for the fabrication of p‐type DSSC.)
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Table 2.1 The recipe of electrolyte for p‐type DSSC.
Concentration

Molecular Weight

Mass

Materials

Comments
(M)

(g/mol)

(g)

LiI

0.5

133.8

0.3345

I2

0.05

253.8

0.0635

PC

All the masses were based on
5ml solution.
Anhydrous as electrolyte.

(Notes: Solvent used was 5ml propylene carbonate anhydrous (PC).)

2.3.7 Counter electrode and sealing
The ITO glasses were washed with ethanol followed by UV ozone cleaning and dried in the
oven. Holes were drilled into the corner of the counter electrodes at a position of 2.5mm ×
2.5mm from the corner as shown in Figure 2.7. Counter electrodes were prepared by
sputter coating of a 10 nm platinum layer onto ITO glass substrate using an Edwards Auto
306 sputter coater.
25 μm Surlyn® was used as gasket material. The size was 9 mm × 10 mm for the outer
border, with 5 mm × 6 mm inside.
A sheet of Aluminium foil was well contacted with Surlyn® to make sure no air bubbles
existed between the plastic and Al. A hotplate at ~120°C was used to seal the two layers.
The sealed slices were then trimmed to a proper size.

95

2.3.8 DSSC device assembly
The Pt/ITO cathode films were first placed on the hotplate, and the temperature was
increased and held at 120°C for at least 1 hour to remove any adsorbed moisture.
To assemble the cells, a piece of dye‐sensitised NiO electrode film was removed from the
dark container with tweezers, a sealing gasket was put in place, and then the cathode side
added. Using a hot‐press setup at 2 atms at 120°C for 1 min, which can apply a uniform
pressure, the components were sealed together. The sealing was then checked and the cell,
completed by addition of the FTO substrate, was sealed with Parafilm before electrolyte
injection. The final arrangement should ideally form an L‐shape as shown in Figure 2.7.

FTO substrate
Counter electrode
hole

Sensitized NiO

Polymer gasket
Space sealed for
electrolyte

Pt coated
Counter electrode

Figure 2.7 Illustration of the components and orientations of a typical dye‐sensitised solar
cell fabricated in this study.
For electrolyte backfilling, the iodide/triiodide (I‐/I3‐) redox electrolyte solution was injected
into the sealed space between these electrodes through the drilled hole in the counter
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electrode using vacuum filling. Electrolyte was placed on the electrode surface (one drop for
each piece with capillary force) and a vacuum system (BUCHI® vacuum controller V‐850) was
used to fill the sealed space of the cell with electrolyte. The pressure setting was 65 mbar
(RP) for 2 cycles. The hole was sealed with the polymer gasket and a piece of plain glass slide.
An illustration of a typical completed device is shown in Figure 2.7.
The hole (on counter electrode) sealing Was accomplished by cleaning the surface of the
electrolyte‐backfilling hole with tissue, and then pressing a piece of sealing slice onto the
hole fully covering it. The prototype was then placed on a hotplate for about 5 seconds to
get the sealing slice to stick to the FTO glass. After the sealing, the cell was placed between
two glass sheets to assist the cooling process.
The exposed edges (those not overlapping each other) of the conducting sides of both
electrodes were then coated with solder in order to provide a good connection for
characterisation. Connecting wires were soldered onto both the electrodes, with red cable
for working electrode, black one for counter electrode. After all these procedures above,
the surface of the cell was cleaned with ethanol.

2.3.9 Preparation of photoelectrodes in PEC water splitting
There are three steps in the fabrication of dye‐sensitised NiO p‐type photocathode for water
splitting. Actually these steps are the same as those for testing photoanode reactions for
water splitting. So as in Section 2.3.4, in this section, the BiVO4 has the same preparation
route before each testing of PEC water splitting. The procedures are listed below and shown
in Figure 2.8:
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1) Sensitisation for NiO electrode: This step is the same as demonstrated above in
Sections 2.3.3 and 2.3.5. The NiO film was deposited by the doctor blading process.
The FTO substrate for the water splitting test was cut into 3 cm × 3 cm. The NiO was
scraped into a 3 cm2 area on the FTO substrate.
2) Copper wire connection: To fit the samples into the H‐cell shown in the following
section, the connection from the FTO substrate to the H‐cell electrode was done by
copper wire with silver paste. Copper wire was cut with bare surface and put on the
top of the FTO beside the NiO area. Silver paste was put on the top of copper wire
and dried in the air for 20 minutes. After drying, the copper wire was covered with a
plastic tube.
3) Epoxy protection: To diminish the dark current and further corrosion from the
working electrode in an aqueous electrolyte environment during the water splitting
test, the electrodes needed epoxy protection which covered all exposed areas
including the FTO substrate conductive bare area, copper wire connection spot with
FTO and the plastic tube two endpoints. This method also served to enhance
mechanical strength for the sample with the help of the plastic tube, so that the
sample was not easy to break or disconnected from the silver paste.
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Dye sensitization
NiO/FTO

(1)

Dye/NiO/FTO
Copper wire connection
(2)

Copper wire
Plastic tube

Epoxy

(3)

Silver paste

Epoxy protection

Figure 2.8 Illustration of components and 3 steps for fabrication of PEC p‐type photocathode
for water splitting.
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2.4 Instruments for PEC water splitting
2.4.1 Light source systems used in experiments
2.4.1.1 CERMAZ Xe illuminator system
This system consisted of a compact Xe illuminator of ILCT Technologies, USA, and the Xe
lamp power supply and the lamp house designed in Japan. The system could provide high
performance illumination shown in Figure 2.9. The reflection mirror inside is in the shape of
a parabola and it can emit a nearly parrallel beam through the sapphire window. The power
supply for operation is a 300 W constant current switching power supply. Output current
fluctuation versus input voltage fluctuation is within 5%. The output current for the lamp is
adjusted by dialling.
This lamp system is designed for long term stability measurement for solar water splitting
devices. First it is a very powerful lamp controlled by the current from the power supply.
More than 20 suns’ illumination intensity for stability testing is obtainable. Second, while
the solar simulator illumination is in a vertical direction as shown in Figure 2.4, the
illumination of the Peccell illuminator is in an horizontal direction. The sample cell with
electrolyte could be stood in front of the lamp for long term testing.
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Figure 2.9 Peccell CERMAX Xe illuminator system, lamp and power supply.

2.4.1.2 Controlled Intensity Modulated Photo Spectroscopy
The Zahner Controlled Intensity Modulated Photo Spectroscopy (CIMPS) system based on a
LED light source brings several advantages: a control loop regulates light intensity and
modulation and keeps it stable. The high power LED has the advantage of low power
consumption and arbitrarily variable intensity. The automatic comparison between set value
and sensed intensity (photodetector 1 in Figure 2.10) eliminates the influence of non‐
linearity, ageing and temperature drift. Furthermore, it allows the direct calibration of the
light source in units of intensity (W/m2). The wideband spectrometer (photodetector 2 in
Figure 2.10) affords detection between 250 nm and 950 nm with 1 nm resolution. The
Zahner cell is a conventional three‐electrode electrochemical cell with a Pt wire counter
electrode and a saturated Ag/AgCl (3M NaCl) reference electrode. It has gas inlet/outlet at
the top and allows light illumination from front and rear.
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Figure 2.10 Zahner CIMPS systems components with two photodetectors and Zahner cell
facing the lamp mounted on the optical bench.
Spectroelectrochemical measurements could be achieved by this system. Extinction (or
transmittance) spectra series versus cell voltage referenced to Ag/AgCl (3M NaCl) of dye‐
sensitised NiO as work electrode in aqueous electrolyte could be obtained by measuring the
amount of radiation transmitted through the sample as a function of the wavelength of the
incident radiation and the cell voltage. The electrical impedance spectra could be tested by
this system as well.
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2.4.1.3 IPCE measurements for PEC water splitting
IPCE measurements for PEC water splitting was performed using an in‐house built system
shown in Figure 2.11, through use of a monochromatic white light source, a 300 W xenon
lamp from Newport. IPCE is important for semiconductors used in water splitting systems as
well. This system has a small difference from the DSSC IPCE system. As the active area of the
PEC water sample is larger than DSSC samples, the monochromatic incident beam needs a
larger window for achieving a larger area illumination of light beam coming through. A
cutoff filter and two lenses were used between the monochromatic light and the PEC water
splitting cell to filter off the UV light and make the light beam parallel.
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Figure 2.11 IPCE set‐ups for PEC water splitting (above) and the Newport monochromator
used in this system with manual control (below).
The number of incident photons was measured using a current detector from Spectra‐
Physics of Newport. IPCE for water splitting calculation followed the Equation 2.2 (Page 87)
as the IPCE for DSSC shown before.
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2.4.2 H‐cell for PEC water splitting
As for any photocatalytic reactions, identifying products is indispensable and affords direct
evidence to show that the reactions actually occurred. PEC water splitting with OER and HER
taking place generate O2 and H2, which need to be separated from each other and also from
the air.

Figure 2.12 Schematic representation of the H‐cell detailed structure with three electrode
experiment arrangement.
Figure 2.12 shows the structure of a two‐chamber H‐cell. The H‐cell is composed of two
reaction cells in ϕ 55 mm, right side and left side. Between the two reaction cells, there is a
nafion (117) membrane as a good separation of gas generation and proton transfer
membrane. There are two lids with four equally spaced openings on each lid of the reaction
cells. Two of these openings are for carrier gas inlet/outlet. The other two are designed for
connecting electrodes. Argon (Ar) is used as the carrier gas for the H‐cell, as it is stable and
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does not interfere with the reaction products to be analysed by gas chromatography. The
two lids and two cells are sealed together by two clamps with O‐ring Viton to make them
air‐tight. On each reaction cell, there is a quartz glass window, for light illumination. Utilising
the H‐cell, both three‐electrode and two‐electrode PEC water splitting experiments could be
studied.

2.4.3 Gas chromatography
Using the H‐cell, O2 and H2 detection was achieved in independent loops with Ar. Gas
chromatography connected to the H‐cell is used to detect how much gas was generated.
The reliable and compact GC‐8A from Shimadzu is a good choice, being a basic gas
chromatograph model for dedicated applications. Economical and simple to use, the GC‐8A
supports a TCD detector, manual pressure or flow control, two molecular sieve columns,
two on column injection ports, and analog output.
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2.5 PEC water splitting characterisation systems
2.5.1 Overview of water splitting characterisation systems
There are several types of apparatus for water splitting, which can test powder
photocatalyst systems and PEC water splitting systems by using a gas generation reactor or
H‐cell connected with an on‐line GC system. By these methods, following the ideal gas law
(P × V = n × R × T, where P is the absolute pressure of the gas, V is the volume of the gas, n is
the amount of substance of gas (measured in moles), T is the absolute temperature of the
gas and R is the ideal gas constant), researchers can know:
1) What gases are involved in the photocatalytic or PEC reactions: H2, O2, N2 (if the air is
leaking into the systems) or CO (if by‐product of some photocatalyst self‐corrosion).
2) How fast is the gas generation: The gas generation rate (mole/hour) is tested from
the GC and show how much gas is generated in the photocatalytic system or
calculated from the photocurrent obtaining in the PEC water splitting.
3) How efficient: The faradaic efficiency (%) is specific for calibration of the PEC water
splitting system. Faradaic efficiency describes the efficiency with which charge
(electrons) are transferred in a system facilitating an electrochemical reaction with
chemical generation. Calculation of the faradaic efficiency for water splitting could
shed light on the stabilities of photoelectrodes and system air tight properties. From
GC results, we can determine the amount of O2 and H2 in moles. The number of
electrons transferred for generating these amounts of gases is divided by the
number

of

electrons

generated

under

photo

illumination

in

the
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photoelectrochemical process. The ideal faradaic efficiency is 100% for overall water
splitting without photocorrosion or leaking of gas.
4) Durability of results for every hour: For long term stability of reaction rate, these
systems can be running for a couple of days to test the performance of solar driven
water splitting. Using this method, researchers can know how long the
photocatalysts or photoelectrodes are robust for.
Figure 2.13 below shows a gas‐closed circulation system equipped with a vacuum line, a
reaction cell and a gas sampling port that is directly connected to a gas chromatograph (GC).
This system is designed for testing photocatalytic powder systems water splitting
performance.

Figure 2.13 Set‐up of quantitative characterisation of gas generation for powder
photocatalytic water splitting system (Adapted from reference8).
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Figure 2.14 below shows a reaction apparatus for online quantitative characterisation of gas
generation in PEC water splitting. Photoanode and photocathode electrodes are immersed
into separate quartz cells divided by a Nafion film (H‐cell is composed by two half cells). The
reaction was conducted under an external irradiation and carried out in air‐free conditions
with Ar as carrier gas. As H2 leaks easily and O2 is an important factor for evaluation of
overall water splitting, the whole system is running in air‐tight conditions. After obtaining
each result, the system needs to be placed under vacuum to clean out leftover gases from
the last testing period, followed by Ar gas re‐filling in preparation for the next testing.

Figure 2.14 Set‐up of quantitative characterisation of gas generation for PEC water splitting
system (Adapted from reference9).
The reaction chambers are to generate hydrogen and oxygen from a tandem PEC system,
connecting the photoanode (n‐type TiO2) and photocathode (p‐type CaFe2O4) by short‐
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circuiting with a Pt wire. Both photoelectrodes are under illumination by a Xe lamp. The
electrolyte is an aqueous solution of 0.1 M NaOH (70 mL) in the quartz cell.

2.5.2 In‐line PEC water splitting system in our lab
Inspired by the systems above and getting help from Dr. Akihide Iwase, a state‐of‐the‐art
online quantitative characterisation of PEC water splitting systems was set up in IPRI. The
whole set‐up consisted of a light source, monochromator with intensity filter, H‐cell, GC and
potentiostat with computer and program control. The arrangement of all components is
shown in Figure 2.15.

Figure 2.15 Schematic of PEC water splitting system with associated computer control and
light source.
The light source after the monochromator or intensity filter can illuminate AM 1.5 white
light or monochromatic light on the H‐cell. The H‐cell is connected with the GC system to
transport the gas generated into the GC for testing. At the same time, a computer is used to
control the potentiostat connected with the H‐cell on the electrodes. The key part of this
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system is the GC connection with the H‐cell for achieving online testing. The arrangement of
connection between GC and H‐cell is shown in Figure 2.16.

Figure 2.16 Schematic of PEC water splitting showing how to connect the two‐chamber H‐
cell with two columns of GC with Ar as the carrier gas.
The high purity argon gas was supplied from a cylinder. Ar is first divided by the first splitter.
One way is directed to the GC, while the other is directed to connect with the H‐cell. For the
GC connection part, the Ar gas is divided into two lines by a second splitter, as the GC has
two columns inside. For the H‐cell connection part, the Ar gas is also divided again into two
lines by a third splitter.
There are two 6‐way valves which can switch and control the sample loops connecting with
GC or connecting with H‐cell. So first, with the PEC sample testing and collecting samples in
the sample loop, the 6‐way valve controls the sample loops connecting with the H‐cell for
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gas collection and flow out into the air by Ar. Second, when the gas collection is ready
(normally after starting the experiments 1‐2 hours), the 6‐way valve will be changed to the
sample loops connecting with the GC. So the gas products in the sample loop will be
injected into the GC for testing by Ar carrier gas. This system is not storing any gas inside; all
the gas generated in the H‐cell is carried out into the air by Ar.
Before testing, calibration of the GC is needed for quantitative characterisation of the gas
products like H2 and O2. Figure 2.17 shows the calibration curves of the GC, peak area with
different volumes of pure H2 and O2. With this curve, the peak area can be transformed into
the volume of gas generated during the test.
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Figure 2.17 Calibration curves for two columns in GC; one for H2 and the other for O2

113

Figure 2.18 Overview of online gas generation quantitative characterisation system for PEC
water splitting in IPRI.
As PEC water splitting is the topic of this thesis, the complete system is shown in Figure 2.18;
with detailed experimental processes listed and explained below:
The ideal gas law is used to translate GC gas generation signals into moles of electrons
involved in the photoelectrochemical reactions occurring in the cell. Following the steps
below, the amount of gas generated and faradaic efficiencies for OER and HER can be
calculated:
1) Running the experiment with Ar flow into the H‐cell to remove all air in the system,
the Ar flow before each test needs at least two hours. The GC can detect any gas left
in the H‐cell.
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2) When the GC signal shows no air (O2 and N2) left in the H‐cell, the PEC water splitting
experiment is started with light source illumination and potentiostat running to
cause gas generation.
3) After starting the experiment, the whole H‐cell connecting circuit is not stable, and
needs time for gas diffusion to condition the system, normally it takes one hour
before GC testing.
4) After one hour gas diffusion in the H‐cell, the sample loops are believed to have the
same gas as in the H‐cell. So the 6‐way valve can be turned to connect the sample
loops to the GC; as there are two circuits, one for OER and the other for HER.
Normally the H2 is tested first and then O2 after. (This system cannot give H2 and O2
results together as the two chambers are fully separated.)
5) The time difference between testing for H2 and for O2 is half an hour. So 1 hour is
needed to finish GC testing for both OER and HER gases. The GC result will give the
peak area for H2 and O2.
6) The volume of H2 and O2 generated can be determined from the number of the peak
area divided by the slope number. The slope number which is derived from
calibration curves in Figure 2.17.
7) According to the ideal gas law, P × V = n × R × T, where P is the absolute pressure of
the gas, V is the volume of the gas, n is the amount of substance of gas (measured in
moles), T is the absolute temperature of the gas and R is the ideal gas constant, the
amount of O2 and H2 in moles can be calculated.
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8) Carrier gas flow rate (ml/min) can be controlled by valves in each chamber’s
connecting tube. So H2 and O2 generation rate (mol/min) could be calculated. The
sample tube connecting 6‐way valve has 5 mL volume.
9) From the photocurrent flow (A or e‐/min), the gas generation rate can be calculated.
10) For long term testing, these processes above need to be repeated every hour or
every two hours based on the experimental purpose.
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Chapter
3 Evaluation of transition metal complexes
as sensitiser for p‐type dye‐sensitised solar
cell system for water splitting application
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3.1 Introduction
A p‐type dye‐sensitised solar cell (DSSC) device has a similar structure as a n‐type DSSC
sandwich structured device, composed of a photoactive working electrode (as
photocathode), a counter electrode (as anode, normally platinum Pt), and a redox couple in
the electrolyte as shown in Figure 3.1. P‐type DSSC uses different materials and has
different charge transfer kinetics, compared to n‐type counter parts. There are several main
components: fluorine‐doped SnO2 (FTO) glass substrate, a nanostructured p‐type
semiconductor film, dye and a Pt conducting glass as counter electrode with electrolyte
between the working and counter electrodes. One difference between the p‐type and the n‐
type DSSC devices is the electron transfer directions in the external device circuit. For the p‐
type DSSC, electrons are transferring from the counter electrode to the working electrode;
whereas for n‐type, electrons are transferring from the working electrode to the counter
electrode.
As the dye is adsorbed onto the semiconductor, typically as a monolayer, the semiconductor
should have a high surface area, whilst maintaining mechanical and chemical stability and
electrical connectivity in order to facilitate good light harvesting as well as charge
extraction.1 Unlike n‐type DSSC, there are fewer semiconductors that exhibit p‐type
behavior and suitable as photocathode in a p‐type DSSC device. Nickel oxide (NiO) has been
widely used as p‐type semiconductors with the function of hole transfer.2 NiO nanoparticles
are easy to synthesise and prepared into a mesoporous film with large surface area. Bach
and co‐workers reported that NiO films can be easily prepared from commercial NiO
nanoparticles.3 After absorption of light by the NiO based photocathode in a p‐type DSSC,
charge separation is initiated at the dye/NiO interface by hole injection.4 The molecular
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structure of a dye plays an important role in the performance of p‐type DSSC and
photocathode driven PEC water splitting.

Semiconductor film

Platinum Counter

FTO
Dye

Electrolyte
&
Redox couple

Working Electrode

Counter Electrode
Load

e‐

e‐

Figure 3.1 Schematic structure and components of a p‐type DSSC device. Electron transfer is
from the counter electrode to the working electrode.
In 1999, Lindquist and co‐workers published the first true self‐operating p‐type DSSC based
on the sensitisation of a nanostructured NiO electrode with tetrakis (4‐carboxyphenyl)
porphyrin (TPPC) or erythrosin B.5 They suggested that the cathodic photocurrent was
generated by a hole injection mechanism from the dye to the valence band of NiO. The
photovoltaic performance using erythrosine B was higher than TPPC. The best overall
conversion efficiency was 0.0076% with the highest incident photon‐to‐current conversion
efficiency (IPCE) of erythrosine B being 3.44%. The hole injection mechanism in a p‐type
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DSSC was first demonstrated by Morandeira and co‐workers in 2005.4 The visible light
absorption by the dye is followed first by hole injection from the dye to the valence band
(VB) of the semiconductor like NiO. Then, the reduced dye is regenerated by electron
transfer to the oxidised species (I3‐) in the electrolyte. For PEC water splitting driven by a
photocathode based on dye‐sensitised NiO, this mechanism should also be followed. The
difference is that the dye in a PEC water splitting photocathode is regenerated by electron
transfer to the proton (H+) or H2O in the electrolyte.
N719 (N719: [RuL2 (SCN)2 (L = tertrabutylammonium 4’‐carboxy‐2,2’‐bipyridine‐4‐
carboxylate)]) dye is widely used in n‐type DSSC and has HOMO and LUMO energies at
roughly ‐5.5 and ‐3.95 eV (for vacuum scale)3,6 respectively. However, it is unsuitable as a
sensitiser for the photocathode of p‐type DSSC.3,7 Ruthenium complexes with carboxylated
bipyridine ligands were first used for n‐type DSSC in 1979.8 Since N3 (N3: cis‐
di(thiocyanato)bis(2,2’‐bipyridine‐4,4’‐dicarboxylate)ruthenium

(II),

Ru(dcbpyH2)2(NCS)2)

and N719 dyes were reported, many ruthenium complex dyes have been developed and
tested in n‐type DSSC to date.9,10 Ruthenium (II) bipyridine complexes have been used, for
high overall conversion efficiency (around 11%), within nanocrystalline semiconductor
based DSSC.11‐13 The addition of carboxylic groups (‐COOH) in these dyes plays a
fundamental role in anchoring to the TiO2 surface through the formation of an ester bond.
The addition of isothiocyanate ligands (‐NCS) contributes to the absorption abilities of these
dyes owing to the metal‐to‐ligand charge transfer (MLCT) and the π‐π* charge transfer.
Ruthenium complexes are of considerable interest as sensitisers in dye‐sensitised solar cells
and solar‐driven water splitting because of their electrochemical stability,14 broad visible
light absorption, suitable excited and ground state energy levels,10 high molar extinction
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coefficient,15,16 and photocatalytic properties.14,17 For ruthenium complexes, the lowest
excited state is a metal‐to‐ligand charge transfer (MLCT) state.18 MLCT makes the light
absorption into the visible part of the solar spectrum. The energy level of MLCT states can
be tuned to optimise electron injection and dye regeneration kinetics, which has been
reviewed by Ardo et al.19 Ruthenium complexes perform particularly well as sensitisers in n‐
type DSSC by kinetics of electron injection.20,21 The more negative is the LUMO energy level
of ruthenium complexes, the stronger is the driving force for electrochemical reduction. This
encourages research attention on applying photochemical22 and photoelectrochemical23
systems to hydrogen production. Yann et al. developed ruthenium polypyridine complexes
with four different anchoring groups (carboxylic acids, biscarbodithioic acids, catechol and
methyl phosphonic acids) as sensitisers for NiO based p‐type DSSC.24 They discovered that
the carboxylic acid group displays the highest affinity for NiO surface (1.8 × 105 M‐1), which
is 10 times stronger than that reported for TiO2 (~104 M‐1).25 The binding constants show
that both catechol and methyl phosphonic acids are promising binding groups for NiO
sensitisers to replace classical carboxylic acid groups, which is not necessarily optimal for
hole injection.26 However, from the photovoltaic measurements, none of these dyes shows
good performance, with all FF below 35% and conversion efficiency below 0.025%.
This chapter involves investigations on a series of ruthenium (II) and rhodium (III) dyes with
different ligands composed of bipyridines and dipyrrins, which are anticipated to be efficient
dyes due to the light harvesting capacity of dipyrrins and metal‐mediated energy transfer
between dipyrrin‐localized and metal‐to‐ligand charge transfer (MLCT) states. Different
numbers of carboxylic acid groups were synthesized for different dyes to attach to NiO as
binding groups.
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As for dipyrrin ligands, they possess a conjugated π system analogous to porphyrins, which
also endows these complexes with notable visible light harvesting properties.27 Dipyrrins are
a group of compounds formally composed of two pyrrole rings fused by a methane (‐C=)
group through the 2,2’ positions. Complexes of dipyrrin ligands are notable for their ability
to absorb visible radiation. This property is ascribed to a low π‐π* transition energy that is
polarized along the long axis of the bispyrrole core of the dipyrrin ligand. The electronic
transitions can be recognized from the absorption spectra shape and positions acquired
from UV‐visible spectroscopy, with information on the structure of the dye. The strength of
visible light absorption was investigated for each dye for calculation of the molar extinction
coefficient. The optical band gap for each dye was also determined from UV‐visible
absorption spectra. The energy levels for each dye were characterised by cyclic voltammetry
measurement. These results will show the light harvesting properties and the energy level
suitability for the hole injection kinetics of p‐type dye‐sensitised solar cell.
For a photocathode driven PEC water splitting application, a good p‐type performance
based on the dye‐sensitised NiO should be studied. In keeping with the same charge
separation and charge transfer mechanism, NiO based p‐type dye‐sensitised solar cells were
fabricated with iodide/triiodide (I‐/I3‐) as a redox couple. The photovoltaic performance of
these devices based on these dyes was firstly investigated with the parameters, which are
necessary for DSSC characterisation. In anticipation, some dyes could show good p‐type
DSSC performance which could be used as an important evaluation criterion for further PEC
water splitting applications.
Although some dyes would show good p‐type DSSC performance, they are still used in
organic solvent with iodide/triiodide (I‐/I3‐) as a redox couple. For a photocathode driven
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PEC water splitting application, stability in aqueous electrolyte should be investigated for
these NiO based p‐type dye‐sensitised photocathodes. The binding stability between the
dye molecule and NiO surface directly influences the effect of “sensitisation” for hole
injection and for the long term performance of water splitting. So water stability tests were
carried out for dye‐sensitised NiO photocathodes prepared from these dyes by immersing
them in water. If the dyes are soluble in aqueous electrolyte, the NiO based photocathode
would lose the “sensitisation” colour and no photocurrent can be detected under visible
light illumination. These dyes, therefore, will not be able to be applied in PEC water splitting.
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3.2 Experimental
3.2.1 Dyes
The dyes investigated consist of ruthenium (II) and rhodium (III) metal centers coordinated
to various different numbers of bipyridine and dipyrrin ligands shown in Figure 3.2. Dyes
were supplied by Dr. Shane Telfer at Massey University and Dr. Pawel Wagner from the
Intelligent Polymer Research Institute (IPRI), University of Wollongong.
The dyes were used directly without further purification. They were dissolved in different
solvents such as acetonitrile (ACN) and t‐butanol (t‐BuOH). For the dye‐sensitisation process
and UV‐visible absorption spectra measurements, a mixture of ACN and t‐BuOH was used as
the solvent. Electrochemical properties were investigated in ACN containing 0.1M
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte.
The anchoring groups of 5 compounds are different numbers of the carboxyl groups
appended to the peripheries of the dye molecules, are designed to enable these dyes to
attach to the surface of NiO. The different numbers of carboxyl groups on the five dyes were
designed with the aim of optimising the adhesion of these dyes to NiO.
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Figure 3.2 Chemical Structures of the four dyes obtained from Massey University: (a) dye1
[Ru(bipy)2(COOH‐dipy)], (b) dye2 [Ru(bipy)(COOH‐dipy)2], (c) dye3 [Rh(COOH‐dipy)3], (d)
dye4 [Ru(4‐MeOdipy)2(4,4’‐diCOOH‐bipy)] and dye5 synthesized by Dr. Pawel Wagner from
IPRI: (e) dye5 [Ru(bipy)2(4,4’‐diCOOH‐bipy)]. Chemical abbreviations are listed as bipy:
bipyridine (2,2’‐bipyridine); dipy: dipyrrin; OMe: Methoxy group (‐OCH3).
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3.2.2 Screen printed NiO film
The NiO terpineol based paste was screen printed onto FTO glass using a custom made 90T
mesh screen. The procedure was described in Chapter 2. The screen size determines the
active area of each electrode, which is 4 mm × 4 mm. So after each printing, the active area
of each NiO electrode was accurately determined by optically scanning the substrates and
calculation of the area from the digital image is calibrated by a standard micrometer. The
thickness of NiO layer is ~2.5 µm tested by a profilometer (Dektak 150).
After printing, the samples were dried in air, cut into pieces and sintered for 30 minutes at
400°C, followed by 10 minutes at 550°C, and then dye sensitised for at least for 4 hours in
dyes solution (0.3 mM) in ACN:t‐BuOH (1:1 by volume).

3.2.3 Optical properties of dyes
UV‐visible absorption spectroscopy was used to identify the optical properties of the dyes
both in solution and on the NiO film. Solutions with precise concentration were prepared
and a small sample of each dye used to fill a 1 cm path length quartz cell. The quartz cuvette
was placed in a UV‐visible spectrometer (SHIMADZU UV‐3600). The dyes absorption spectra
were measured at different concentrations in ACN:t‐BuOH (1:1 by volume). The absorbance
was recorded over the range 300‐800 nm, and then the molar extinction coefficient for each
dye was calculated. Figure 3.9 shows the peak positions in each UV‐visible spectrum
presented in Figures 3.3 – 3.7.
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Solid state spectra were also acquired from dye sensitised NiO electrodes on FTO substrate
to show 5 dyes bind to NiO. Absorption spectra, of NiO and 5 dyes on NiO, were acquired
between 300nm and 800nm and are shown in Figure 3.8.
The aim of using UV‐visible absorption spectroscopic analysis in this thesis is to determine
the optical band gap of each dye, to test strength and span of absorption across the UV‐
visible region of the spectrum, and provide information to help ascertain whether these
ruthenium (II) and rhodium (III) dyes would be suitable for use in p‐type dye‐sensitised solar
cells.

3.2.4 Cyclic voltammetry (CV) of dyes
The half‐wave potentials of the dyes were determined by cyclic voltammetry in a three
electrode electrochemical cell setup, using a glassy carbon working electrode, a platinum
mesh counter electrode and an Ag/AgNO3 (Ag/Ag+) (0.01 M in ACN with 0.1 M TBAP) as
reference electrode (calibrated against ferrocene/ferrocenium couple). Dyes (0.5mM) were
dissolved in acetonitrile (10 mL) with 0.1 M tetrabutylammonium perchlorate (TBAP) as
supporting electrolyte. Half‐wave potential was used to estimate the position of the highest
occupied molecular orbital (HOMO) for each dye, using a correction factor described in
literature previously.28 The lowest unoccupied molecular orbital (LUMO) was estimated
based on the measured HOMO energy level and the optical band gap of the dye from the
result of UV‐visible analysis. The half‐wave potential calculation process is followed the
experimental Section 2.2 and Equation 2.1 (Page 80) shown in Chapter 2.
CV was performed with a scan rate of 100 mV/s. Voltage scan is from negative initial lower
limit potential to the higher limit of + 1200 mV and then back to the original voltage for
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cycles; with respect to a Ag/AgNO3 (Ag/Ag+) reference electrode. Voltage was converted by
reference to the ferrocene/ferrocenium couple (Fc/Fc+). For a standard ferrocene CV, a 1.0
mM ferrocene solution was prepared in ACN containing 0.1 M TBAP in 10 ml of acetonitrile
and the CV testing was recorded (in Figure 3.11).

3.2.5 Cells fabrication
Sandwich p‐type dye‐sensitised solar cells were prepared following the device construction
procedures in Section 2.2 of Chapter 2.

3.2.6 Photovoltaic parameters characterising a p‐type DSSC
The photovoltaic performance of a DSSC is characterised by the following parameters: IPCE,
open‐circuit voltage (Voc), short‐circuit photocurrent density (Jsc), fill factor (FF), and the
overall conversion efficiency (η). These parameters are discussed in Chapter 1. For p‐type
DSSC devices in this chapter, all these parameters were tested and compared with each
other.
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3.3 Results and discussion
Dye1, dye2 and dye4 are bipyridine and dipyrrin mixed‐ligand ruthenium (II) complexes.
Dye1 has one dipyrrin ligand with carboxylic acid group and two bipyridine ligands. Dye2 has
two dipyrrin ligands with carboxylic groups and one bipyridine ligands. Dye3 is a rhodium (III)
complex with D3 symmetry by three same dipyrrin ligands with carboxylic groups. Dye 4 has
one bipyridine ligand with two carboxylic acid groups and two dipyrrin ligands with methoxy
groups. Dye 5 has three bipyridine ligands with two carboxylic acid groups attached on one
of them. All the five dyes are connected to the NiO surface by carboxylic acid group. Three
direct comparisons were conducted for designing the structure of dyes shown in Figure 3.2.
1) From dye1, dye2, to dye3, the numbers of dipyrrene ligands were increased from 1
to 3.
2) Between dye2 and dye4, carboxyl group positions were attached on bipyridine and
dipyrrene respectively with similar structure of other parts.
3) Between dye4 and dye5, two methoxy dipyrrene in dye4 were replaced by two
bipyridine in dye5.

3.3.1 Optical properties of dyes
3.3.1.1 UV‐visible spectra in solution and on NiO film
UV‐visible absorption spectroscopy is employed to measure the optical properties of the
dyes both in solutions and on films. It can also provide information about the structure of
the chemicals. The analysis of the results is referenced to publications from Dr. Shane G.
Telfer group.27,29
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The absorbance was studied below for each dye for calculating the molar extinction
coefficient, which reflects dyes light harvesting property. The absorption spectra for each
dye at different concentrations are shown in Figure 3.3 – 3.7 below. For each dye,
absorbance values from different concentrations in ACN:t‐BuOH (1:1 by volume) solvent are
listed in Table 3.1 – 3.5.
Table 3.1 Dye1 absorbance value from different concentrations in ACN:t‐BuOH (1:1 by
volume) solvent.
Concentration of dye1 (mM)

Absorbance (458nm/518nm)

0.025

0.999/0.272

0.0125

0.507/0.138

0.00625

0.244/0.069
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Figure 3.3 Solution State UV‐visible Absorption Spectra of (red: 0.025 mM, black: 0.0125
mM, and blue: 0.00625 mM) dye1 in ACN:t‐BuOH (1:1 by volume) solvent.
Dye1, shown in Figure 3.3, is green in the solid state, but red‐orange in solution. The UV‐
visible spectrum of dye1 is of note for the two distinct peaks in the visible region. The
intense narrow band with λmax = 458 nm can be attributed to a π‐ π* transition of the
dipyrrin ligand. The broader peak centred at 518 nm originates from a Ru‐to‐bipyridine
charge transfer (metal‐to‐ligand charge transfer, MLCT) transition suggested by Shane’s
publication.29 There are also two absorption bands displaced in the higher energy UV region
of the absorbance spectra for dye1, which are not discussed as they are outside the visible
region.
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Table 3.2 Dye2 absorbance value from different concentrations in ACN:t‐BuOH (1:1 by
volume) solvent.
Concentration of dye2 (mM)

Absorbance (449 nm/635nm)

0.05

1.707/0.160

0.025

0.808/0.079

0.0125

0.380/0.038

Figure 3.4 Solution State UV‐visible Absorption Spectra of (red: 0.05 mM, black: 0.025 mM,
and blue: 0.0125 mM) dye2 in ACN:t‐BuOH (1:1 by volume) solvent.
Dye2 possesses two dipyrrins and one bipyridine ligands. As shown in Figure 3.4, the
absorption spectra have an intense band at 449 nm, arising from the intraligand dipyrrin π‐
π* transition. There is another weak but broad band at ~635 nm, which is due to the Ru‐to‐
bipyridine MLCT transition state on the broad band being progressively red shifted
comparing with dye1.29
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For dye1 and dye2, the MLCT transition is the transition that occurs between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the dye.
Table 3.3 Dye3 absorbance value from different concentrations in ACN:t‐BuOH (1:1 by
volume) solvent.
Concentration of dye3 (mM)

Absorbance (461nm/497nm)

0.025

1.022/0.813

0.0125

0.403/0.357

0.00625

0.168/0.164

Figure 3.5 Solution State UV‐visible Absorption Spectra of (red: 0.025 mM, black: 0.0125
mM, and blue: 0.00625 mM) dye3 in ACN:t‐BuOH (1:1 by volume) solvent.
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Different from dye1 and dye2, dye3 molecular structure has three dipyrrins and a rhodium
(III) metal centre. The rhodium (III) complex [Rh (dipy)3] displays two intense absorption
peaks in the region of the dipyrrin π‐ π* transition at 461 nm and 497nm as shown in Figure
3.5. As the only symmetric (under D3 symmetry) molecule among all these dyes, this dye3
held three dipyrrin ligands in close proximity; the splitting of the absorption band of this
chromophore into two peaks can be attributed to exciton coupling.27 The π‐ π* transition is
polarized along the long axis of the dipyrrin chromophore and exciton coupling split the
transition into two non‐degenerate excited states at slightly higher and lower energies than
the unperturbed transition.30
Table 3.4 Dye4 absorbance value from different concentrations in ACN:t‐BuOH (1:1 by
volume) solvent.
Concentration of dye4 (mM)

Absorbance (447nm/635nm)

0.05

0.937/0.137

0.025

0.415/0.057

0.0125

0.181/0.024
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Figure 3.6 Solution State UV‐visible Absorption Spectra of (red: 0.05 mM, black: 0.025 mM,
and blue: 0.0125 mM) dye4 in ACN:t‐BuOH (1:1 by volume) solvent.
Two distinct absorption bands are also observed in the visible region from the UV‐visible
spectra of dye4. The lowest energy visible region band is again very broad with the peak
maxima centered at a wavelength of ~635 nm. The origin of this peak is the same as that in
dye1 and dye2: from an MLCT transition, which is by the transfer of charge occurring
between the Ru (II) metal centre and the bipyridine ligand. The intense peak in higher
energy visible region centred at 447 nm is slightly blue shifted with respect to dye2. This
band can again be assigned to a π‐π* transition of the dipyrrin ligands. As mentioned above
for dye1 and dye2, both the relatively narrow bandwidth and the position of this peak in the
π‐ π* transition region are characteristics of this type of transition.
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Table 3.5 Dye5 absorbance values from different concentrations in ACN:t‐BuOH (1:1 by
volume) solvent.
Concentration of dye5 (mM)

Absorbance (453nm)

0.05

0.912

0.025

0.458

0.0125

0.229

Figure 3.7 Solution State UV‐visible Absorption Spectra for 3 concentrations of dye5 in
ACN:t‐BuOH (1:1 by volume) solvent. The different concentrations are listed with red: 0.05
mM, black: 0.025 mM, and blue: 0.0125 mM.
Intense UV absorption bands around 300nm assigned to ligand‐centred π‐π* transitions and
a broad band in the visible region around 450nm attributed to the classical spin allowed
MLCT transition.24 The lowest [Ru (bipy)3]2+ excited state is Ru‐to‐bipyridine MLCT which has
been well established before.18
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Figure 3.8 UV‐visible absorption spectra of dye2, dye3 and dye5 on NiO after subtracting
NiO as reference absorption.
UV‐visible absorption spectrum for each dye on NiO film was also studied. For dye1 and
dye4, no obvious difference was observed from the absorbance of dye/NiO and pure NiO
films. One reason is the number of the attach groups with NiO. There is one carboxyl group
per dye1 molecule. Another possible reason, dye4 is more hydrophobic with methoxy
groups attached which could decrease the uploading to the hydrophilic surface of NiO.
For dye2, dye3 and dye5, there are peaks showing evidence of dye attached on NiO even
though the peaks’ strength is not intense. Figure 3.8 shows the absorbance of dye/NiO after
subtracting the baseline of pure NiO absorbance. From the peak position, it can be observed
that a red shift occurred for the three dyes as they attached to NiO; due to the coupling of
dye with NiO.
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3.3.1.2 Molar extinction coefficient
High molar extinction coefficients are particularly important in p‐type DSSC. Because it is
difficult to prepare thick NiO film as compared with those of TiO2.1 The thickness of NiO is
limited by the diffusion length (L), which is determined by the diffusivity (D) and the lifetime
(τ) of holes according to Equation 1.11 (Page 22) in Chapter1. Mori et al. published results to
demonstrate the apparent hole diffusion coefficient in the NiO electrode was estimated to
be 4 × 10‐8 cm2/s and nearly independent from light intensity.31 And the hole lifetime
depends on light intensity ranging from 3×10‐2 to 1×100 s. The electron diffusion length (L) in
the porous TiO2 electrode is longer than the thickness of the electrode, as the diffusivity and
lifetime of electrons in TiO2 is both larger than those in NiO.32,33
The molar extinction coefficient (ε) is useful when comparing absorption spectra of different
dyes to determine light harvesting efficiency (LHE) and the relative light absorbance. ε is
defined and calculated by the Equation 3.1 below:

ε=

(Eq. 3.1)

Where A is the absorbance, c is the sample concentration (mol/L), and l is the length of light
path through the sample (l = 1 cm). The results of three concentrations for each dye show
that a linear relationship between concentration and the absorbance. The molar extinction
coefficients and peak positions of all bands are summarized in Table 3.6, which are
calculated from the average of the three absorbance numbers for each dye. The results in
Table 3.6 show that dye5 and dye4 have lower molar extinction coefficients comparing with
dye1, dye2 and dye3.
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Table 3.6 UV‐vis absorption peak positions and associated molar extinction coefficients for
the 5 dyes.
Dye

Absorption Bands (nm) (εM‐1 cm‐1)

dye1

458 nm (39900), 518 nm (11000)

dye2

449 nm (32300), 635 nm (3200)

dye3

461 nm (40400), 497 nm(32300)

dye4

447 nm (16600), 635 nm (2740)

dye5

453 nm (18320)

Figure 3.9 Molar extinction coefficient of the compounds measured in solution state UV‐
visible absorption spectra in ACN:t‐BuOH (1:1 by volume) solvent from 300nm to 800 nm.
Dye1 (green), dye2 (blue), dye3 (black), dye4 (pink) and dye5 (red). All the results are
calculated from the highest absorption strength curve above.
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The molar extinction coefficients (ε) of the 5 dyes in ACN:t‐BuOH (1:1 by volume) solvent as
shown in Figure 3.9. From analysis between the 5 dyes, 3 aspects can be described below:
1) From ε value comparison, dye1, dye2 and dye3 show relatively larger absorption
strength than dye4 and dye5. The major peaks of the 3 dyes (dye1, dye2 and dye3)
belong to the dipyrrin π‐ π* transition at ~460 nm region.
2) Although dye4 has dipyrrin ligand as well, the methoxy group attached causes the
expansion of the π conjugated region, so the major peak from dye4 absorption is
weaker and becomes broader.
3) The MLCT in dye1, dye2 and dye4 causes their visible light absorption to be red
shifted compared with dye3 and dye5.

3.3.1.3 Optical band gap
The optical band gap for each dye was determined using a graphical method. Figure 3.9
shows the molar extinction coefficient in solution state UV‐visible absorption spectra of 5
dyes together calculated from Figure 3.3 to Figure 3.7. To determine the optical band gap,
utilising their own UV‐visible absorption spectra shown from Figure 3.3 to Figure 3.7, a
procedure involving several steps was applied:
1) Drawn a line with the best fitting of the slope of the absorption edge of dye.
2) Drawn another line with the best fitting of the background line before the
absorption edge is formed.
3) The wavelength at the intersection of the two lines was converted to eV.
Taking the dye3 for example, Figure 3.10 shows the UV‐visible absorption spectrum of dye3
with one line drawn with the best fitting of the slope of the absorption edge of dye and
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another line with the best fitting of the background line before the absorption edge. These
two lines intersect with each other at the wavelength of 528 nm; which is the onset of
visible light absorption and corresponds to the optical band gap.
According to the optical band gap (eV) = 1240 (eV nm)/ λ (onset) nm (1240 is the conversion
factor to energy in eV, calculated from h×c = 1240 eV nm, where h is the plank constant, c
speed of light (in vacuum). So the optical band gap of dye3 = 1240 / 528 = 2.35 eV, λ (onset)
= 528 nm from Figure 3.10.

Figure 3.10 Practical illustrated example of determining the onset of absorption for dye3 by
a graphical method.
All the onset of absorption and optical band gap calculated for each dye are listed below in
Table 3.7.
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Table 3.7 Onset of absorption and optical band gap for the 5 dyes.
Onset of Absorption

Optical Band gap

(nm)

(eV)

dye1

675

1.83

dye2

800

1.55

dye3

528

2.35

dye4

800

1.55

dye5

575

2.16

Dye

3.3.2 Electrochemical properties
As hole injection occurs in a p‐type DSSC, the position of the HOMO of the dye is especially
important for a NiO based photocathode, which determines the driving force for hole
injection. The aims of calculating the HOMO of each dye were:
1) To evaluate the suitability of these series of ruthenium (II) and rhodium (III) dyes for
NiO based p‐type DSSC.
2) To find new structure dyes for NiO based p‐type photocathode in solar driven water
splitting.
Cyclic voltammetry (CV) was performed to determine the half‐wave oxidation potential of
each dye relative to the half‐wave oxidation potential of ferrocene/ferrocenium redox
couple (Fc/Fc+), which can be used to calculate the HOMO of each dye. CV was carried out
under the same conditions: 0.10 M TBAP in ACN with scan rate 100 mV/S. The CV results for
each dye and ferrocene in solution are shown in the Figures below. All CVs were obtained
with respect to a Ag/Ag+ as reference electrode.
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A typical CV of ferrocene is presented in Figure 3.11. The two peaks observed (A/A’) are
associated with the reversible single electron transfer. The peak A on the positive forward
scan is due to oxidation of neutral ferrocene to a positively charge state. The peak A’ on the
negative (reverse) scan is due to reduction back to the neutral state.

Figure 3.11 CV of ferrocene standard (3 cycles), demonstrating a single reversible electron
transfer process on a glassy carbon working electrode (1.8 mm2). Concentration of 1 mM in
electrolyte: 0.10 M TBAP in ACN; scan rate 100mV/s; Ag/Ag+ used as reference electrode
and Pt mesh as counter electrode.
The organometallic sandwich type compound ferrocene, Fe (C2H5)2, is used here as an
internal standard for calibrating redox potentials in a non‐aqueous solvent. The HOMO
value of each dye can be calculated on the basis of the reference energy level of ferrocene
(4.88 V below the vacuum level). The calculation procedure is listed below after CV of each
dye. The Fc/Fc+ redox peak was found to have the half‐wave potential of 0.091 V vs Ag/Ag+,
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which is calculated from Equation 2.1 (Page 80). The conversion was achieved using the
simple formula: Edye (vs Fc/Fc+) = Edye (vs Ag/Ag+) – EFc/Fc+ (vs Ag/Ag+).

Figure 3.12 CV of dye1 with concentration of 0.5 mM (1 cycle). Electrolyte: 0.10 M TBAP in
ACN; scan rate 100mV/s; Ag/Ag+ is reference electrode and Pt mesh counter electrode. The
voltage vs Fc/Fc+ was shifted by the half‐wave potential (0.091 V) from the CV of ferrocene.
The dye1 shows a single reversible redox reaction in the potential range scanned; occurring
from 0.268 V (vs Fc/Fc+) as half‐wave potential shown in Figure 3.12. This is attributed to a
reversible one electron oxidation of the bipyridine ligand. A second irreversible anodic peak
is attributed to the oxidation of the ruthenium metal center from its Ru2+ state to its Ru3+
state. The half‐wave oxidation potential of the first one was determined by peak position of
A at 0.299 V (vs Fc/Fc+) and A’ at 0.237 V (vs Fc/Fc+).
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Figure 3.13 CV of dye2 0.5 mM (1 cycle). Electrolyte: 0.10 M TBAP in ACN; scan rate
100mV/s; Ag/Ag+ is reference electrode and Pt mesh counter electrode. The voltage vs
Fc/Fc+ was shifted by the half‐wave potential (0.091 V) from the CV of ferrocene.
Figure 3.13 shows the reversible redox reaction of dye2 occurring at half‐wave potential of ‐
0.284 V (vs Fc/Fc+), due to one electron oxidation of the bipyridine ligand. The positions for
oxidation peak A and reduction peak A’ are ‐0.259 V (vs Fc/Fc+) and ‐0.309 V (vs Fc/Fc+)
respectively. The onset oxidation potential also could show the HOMO changing with
different dyes, which is determined by the baseline and the rising slope of the first cycles
intersect. The onset of oxidation potentials calculated for dye1 and dye2 are 0.119 V and ‐
0.383 V (vs Fc/Fc+) respectively.
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Figure 3.14 CV of dye3 0.5 mM (1 cycle). Electrolyte: 0.10 M TBAP in ACN; scan rate
100mV/s; Ag/Ag+ is reference electrode and Pt mesh counter electrode. The voltage vs
Fc/Fc+ was shifted by the half‐wave potential (0.091 V) from the CV of ferrocene.
Figure 3.14 shows that there is no reversible peak obtained in the potential range for dye3.
That means it cannot be oxidised within this potential window. Another reason maybe
because of the concentration of the dye solution for CV measurement is relatively low,
which should be increased to be 5mM dye solution. But limited with dye supplement, this
measurement could not be performed.
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Figure 3.15 CV of dye4 with concentration of 0.5 mM (1 cycle). Electrolyte: 0.10 M TBAP in
ACN; scan rate 100 mV/s; Ag/Ag+ is reference electrode and Pt mesh counter electrode. The
voltage vs Fc/Fc+ was shifted by the half‐wave potential (0.091 V) from the CV of ferrocene.
Figure 3.15 shows a reversible redox couple with oxidation peak at A ‐0.215 V (vs Fc/Fc+) and
reduction peak A’ ‐0.301 V (vs Fc/Fc+) of dye4 occurring with onset oxidation potential of ‐
0.349 V (vs Fc/Fc+), due to one electron oxidation of the bipyridine ligand. There is another
peak occurring at 0.4 V (vs Fc/Fc+), which is irreversible. The half‐wave potential calculated
for dye4 is ‐0.258 V (vs Fc/Fc+).
Figure 3.16 shows there is no reversible redox couple in the potential range scanned for
dye5. The onset of oxidation calculated is 0.8 V (vs Fc/Fc+). All the results of solution state
redox half‐wave potentials and onset oxidation potentials for each dye are shown in table
3.8.
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Figure 3.16 CV of dye5 0.5 mM. Electrolyte: 0.10 M TBAP in ACN; scan rate 100mV/s; Ag/Ag+
is reference electrode and Pt mesh counter electrode. The voltage vs Fc/Fc+ was shifted by
the half‐wave potential (0.091 V) from the CV of ferrocene.
Table 3.8 Summary of the solution state redox half‐wave potentials and oxidation onsets
potential for each dye.
Solution State
HOMO

HOMO

vs Fc/Fc+ (V)

(based on half‐
wave) (eV)

(based on
onset
potential)

0.268

0.119

‐5.148

4.999

dye2

‐0.284

‐0.383

‐4.596

4.497

dye3

No peak

No peak

‐‐‐

‐‐‐

dye4

‐0.258

‐0.349

‐4.622

4.531

dye5

No peak

0.80

‐‐‐

5.680

Half‐wave
Potentials

Onset potential

vs Fc/Fc+ (V)
dye1

Compound
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The HOMO vs vacuum level was determined from the half‐wave potential (E1/2) and onset
oxidation potential estimated on the basis of the reference energy level of ferrocene (4.88 V
below the vacuum level). The HOMO calculated following procedure given by Cao et al. is
HOMO = ‐e[E1/2 (vs Fc/Fc+) + 4.88 V].34 For dye1, dye2, and dye4, HOMO is determined
based on half‐wave potentials and HOMO for dye 5 is determined based on onset oxidation
potential. For dye3, HOMO cannot be determined through the CV measurement.
LUMO was calculated from the optical band gap results in Table 3.7. The LUMO calculated is
LUMO = Eg(eV)opt + HOMO.34 Table 3.9 summarizes all the results.
Table 3.9 Summary of the optical band gaps, HOMO and LUMO of each dye.
Onset of
Absorption

Optical
Bandgap

(nm)

(eV)

dye1

675

dye2

HOMO

LUMO

(eV)

(eV)

1.83

‐5.148

‐3.318

800

1.55

‐4.596

‐3.046

dye3

525

2.36

‐‐‐

‐‐‐

dye4

800

1.55

‐4.622

‐3.072

dye5

575

2.16

‐5.680

‐3.52

Dye

Based on different molecular structures, some conclusions can be drawn.
1) Compared to that of dye1, the HOMO of dye2 is shifted positively by replacing one
bipyridine with one dipyrrin ligand, which leads to a red shift (a shift to a lower
energy in the absorption spectrum).
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2) Compared to that of dye1, the HOMO energy level of dye4 is shifted negatively as
well by the MeO‐dipyrrin ligand which leads to a red shift (a shift to a lower energy
in the absorption spectrum) with π conjugated area expanded.
3) Only dye3 and dye5 show suitable HOMO energy level for NiO based p‐type dye‐
sensitised solar cell applications from the Figure 3.18. The energy levels of HOMO in
dye3 and dye5 have shown positive position comparing with VB of NiO, which enable
driving force for hole injection.

3.3.3 Photovoltaic performance measurements (JV and IPCE)
Sandwich‐type p‐type NiO based DSSC devices of the five dyes were assembled and tested.
The photovoltaic performances of solar cells are shown in Figure 3.17 under AM 1.5 and in
the dark, with the parameters of DSSC summarized in Table 3.10. The HOMO and LUMO
positions of these 5 dyes are shown in Figure 3.18 together with the energy level of NiO and
I‐/I3‐ redox couple in the electrolyte. Clearly, dye1, dye3, and dye5 show photocurrent and
energy conversion efficiency. Dye5 is the best of all dyes with energy conversion efficiency
of 0.018% with Voc of 0.095 V. As can be seen from Table 3.10, dye2 and dye4 are very poor
p‐type DSSC sensitisers.
Pellegrin et al. published a paper utilising the same dye5 in the four dyes for the same p‐
type photovoltaic performance as we did.24 The MLCT excited‐state generally means an
electron injected in a π* orbital of a bipyrrine ligand leaving with a hole on the ruthenium
centre. They used time‐dependent density functional theory (TD‐DFT) method to determine
the molecular orbitals HOMO and LUMO for dye5 and other 3 similar structured ruthenium
(II) dyes. The TD‐DFT results demonstrated that dye5’s HOMO is relatively localized purely

151
ruthenium based orbitals, while LUMO is often based on bipyrrine ligand with anchoring
carboxylic acid groups, implying that dye5 is more suitable for n‐type electron injection to
TiO2 based DSSC.

Figure 3.17 JV performances for each dye/NiO p‐type DSSC device under illumination (solid
line) and in dark (dash line).
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Table 3.10 Performance results for each of these dyes.

Jsc (mA/cm2)

P‐type DSSC by dyes

Voc (V)

dye1

0.05

0.1

32

0.0016

dye2

0

0

0

0

dye3

0.08

0.1

31

0.0025

dye4

0

0

0

0

dye5

0.095

0.6

32

0.018

FF (%)

η (%)

Figure 3.18 Comparison of 5 dyes energy levels in NiO based p‐type with energy level of I‐/I3‐
and Voc shown.
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Figure 3.18 suggests that, given the HOMO of dye2 and dye4, there is rare chance for hole
injection occurring at the interface between these two dyes with NiO. As for dye1, hole
injection was limited as there is little difference between the HOMO of dye1 and VB of NiO,
which cannot supply enough driving force. A photo‐response was obtained from dye5 based
p‐type DSSC devices.
IPCE results for devices constructed based on NiO electrode are normally very low (<5%). In
our case, the IPCE of dye5 is more than 20% around the wavelength of 475nm. There are
two IPCE bands shown in Figure 3.19. The first one that is below 400nm may be assigned to
absorption by the NiO. As suggested by the UV‐visible absorption spectrum of the dye5 in
ACN and on NiO, no absorption was observed. There is no IPCE results for dye 1, dye2 and
dye4, due to the low light intensity for IPCE measurement and no photocurrent observed
with dye2 and dye4 p‐type DSSC devices.

Figure 3.19 IPCE of p‐type DSSC of dye3/NiO and dye5/NiO as photocathode.
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According to Equation 1.15 (Page 56), Figure 3.20 shows the LHE spectra of dye3 and dye5 in
NiO based p‐type DSSC calibrated from the UV‐visible absorbance in Figure 3.8. LHE spectra
results show dye3 with rhodium (III) center has better light harvesting efficiency and
harvests more visible light around 525nm than dye5. However, the IPCE of dye3 is lower
than dye5.

Figure 3.20 LHE spectra of dye3 and dye5 in NiO based p‐type DSSC device.
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Figure 3.21 APCE spectra of dye3 and dye5 in NiO based p‐type DSSC device.
Figure3.21 shows the APCE spectra of dye3 and dye5 with peak position around 575nm and
485nm. The peak values of APCE spectra are calculated to be 12% for dye3 and 70% for dye5.
Dye5 APCE is very rare comparing with other ruthenium dyes like N719 for p‐type DSSC
applications.3,7 The APCE “peak” has a slight wavelength shift between the LHE and IPCE,
which is due to the different spectral band width of these two measurements as well as any
shifts in the UV‐visible absorption of DSSC films compared to light absorption in fully
assembled DSSC devices. We noted that the calculation of LHE did not consider the
reflection and scattering effect of the FTO glass, therefore the calculated APCE value would
be lower than expected, especially at the 500‐650 nm wavelength range. The close to
uniform 100% APCE values at less than 500 nm of both sensitisers may contribute to the
strong light absorption and photo‐generation of holes in NiO.
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3.3.4 Stability of the p‐type photocathode in a solvent
For p‐type driven water splitting applications, 5 dye‐sensitised NiO photocathode from
these 5 dyes were put into water. After dipping the dye‐sensitised NiO samples into the
water electrolyte, all the five dyes on NiO were dissolved and washed away from the NiO
surface due to their solubility in water. The carboxyl group linker with NiO is not strong in
the water electrolyte, which inhibits these five dyes in their application for water splitting.
Furthermore, except for dye5, the HOMO positions of the other four dyes are not positive
enough for water oxidation.
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3.4 Conclusion
A new series of dyes, ruthenium (II) and rhodium (III) complexes, were evaluated as
sensitisers for p‐type DSSC applications. The basic photophysical properties, including UV‐
visible absorption spectra, electrochemistry (cyclic voltammetry) were characterised. NiO
based p‐type DSSC were fabricated and their performances were tested.
From the UV‐visible absorption spectra, molar extinction coefficients were calculated for the
5 dyes. Their molecular structures with different ligand numbers of dipyrrene and bipyridine
influence the absorption strength, peak position and MLCT. Optical band gap for each dye
was calculated from the UV‐visible spectra results.
From the CV measurements, the HOMO of each dye was determined. Combining with the
optical band gap, the LUMO of each dye was also calculated. From the energy level
comparisons with NiO and redox couple of the electrolyte, the HOMO of 2 dyes do not
match with the valence band of NiO, so no energy conversion efficiency can be tested.
Other three dyes of dye1, dye3 and dye5 show photocurrent and conversion efficiency for
p‐type DSSC. Only one ruthenium complex, dye5, is shown to be a promising candidate for
harvesting visible light to drive a p‐type DSSC. Although MLCT is improving the “sensitisation”
of visible light absorption wavelength range, it is not good for p‐type hole injection
mechanism.
All 5 dyes cannot be used as photoelectrode in photoelectrochemical water splitting; due to
their water solubility.
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Chapter
4 Visible light driven hydrogen generation
from a photocathode based on p‐type dye‐
sensitised NiO
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4.1 Introduction
In Chapter 3, NiO photocathodes sensitised by a series of transition metal complexes were
used to prepare p‐type dye‐sensitised solar cells (DSSC). None of the five dyes showed good
performance as a p‐type DSSC device. Two dyes’ HOMO did not match the valence band (VB)
of NiO, which provide no driving force for p‐type kinetics of hole injection. Other three dyes
showed p‐type DSSC performance of low photocurrent density (less than 0.6 mA/cm2) and
low energy conversion efficiency (lower than 0.02%). The metal‐to‐ligand charge transfer
(MLCT) is a typical property for these ruthenium (II) complexes sensitisers, which is not so
suitable for hole injection kinetics in p‐type DSSC. Furthermore, the photocathodes based
on these dyes are not stable in aqueous electrolyte.
To date, as published papers show for p‐type DSSCs, organic dyes exhibit higher efficiencies
compared with that of ruthenium (II) complexes.1,2 Organic dyes provide a potential
alternative for PEC water splitting as well. Therefore, in this chapter attention is focused on
applying organic sensitisers with donor‐π bridge‐acceptor (D‐π‐A) molecular structure to
prove the feasibility of p‐type “sensitisation” approach for solar‐driven water splitting.
P‐type NiO based dye‐sensitised photocathodes have been utilised for solar‐driven water
reduction by Lin et al. with the addition of co‐catalyst Co(dmgBF2)2(H2O)2 (Co1, where
dmgBF2‐ is difluoroboryldimethylglyoximator anion).3 Co1 possesses the lowest catalytic
onset potential to mediate proton reduction.4,5 The mechanism for hydrogen evolution
involving Co1 has been well investigated before.5,6 Before this work, they reported a push‐
and‐pull designed p‐type organic dye P1 and achieved an IPCE of 64% with modification of
NiO photocathode preparation method for p‐type DSSC.7 For solar‐driven water reduction,
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this P1 sensitised NiO photocathode was utilised for harvesting visible light, which has the
reduction potentials favorably matching with the Co1 as the hydrogen evolving catalyst for
hydrogen production.
For this thesis, we proposed that the dye anion can reduce water producing H2 in a
mechanism without any co‐catalyst. We are the first to demonstrate hydrogen generation
by using organic dye sensitised NiO photocathode for solar‐driven water splitting. Figure 4.1
shows the mechanism of using a photocathode PEC device employing a dye‐sensitised
nanostructured NiO film on FTO substrate in aqueous electrolyte for solar‐driven water
reduction reaction. Upon illumination, the dye harvests visible light and the electron is
promoted to the excited state. Following the dye photo‐excitation, the initial charge
separation step in photocathodes involves the transfer of an electron from the valence band
(VB) of the NiO to the HOMO of the dye, which is called hole injection from the dye into the
VB of NiO in p‐type DSSCs.8
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Figure 4.1 Scheme for the electron‐transfer processes occurring in the cell comprising a dye‐
sensitised nanostructure NiO film on FTO glass, Pt counter electrode, and an aqueous
electrolyte of pH 1. (HER: hydrogen evolution reaction; OER: oxygen evolution reaction)
The sensitiser dye attached on NiO surface is in charge of harvesting most of the visible light
and the hole injection into the VB of NiO. The dye* (dye in excited states) becomes the dye‐
(dye in reduced states) with negative energy level in the lowest unoccupied molecular
orbital (LUMO). For most dyes, LUMO would be available and negative enough for water
reduction, which means an energy level above that of the HER. Water oxidation reaction
could be undertaken at the counter electrode (Pt), and the electrons from water will
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transfer to the VB of NiO. The overall water splitting progress can be analysed by several
steps listed below:
1) Excitation:

Dye/NiO

2) Hole injection:

Dye*/NiO

Dye*/NiO

Dye‐/NiO

h+ (NiO)

3) Dye regeneration and H2 evolution:
Dye‐/NiO

H+

Dye/NiO

½ H2

4) Hole transfer from NiO to counter electrode (Pt) through external circuit.
5) O2 evolution: 4h+ (Pt)

2H2O

O2 + 4H+

The major drawback in the development of efficient p‐type photocathode for solar driven
water splitting is the fast charge recombination between the reduced sensitiser and the
injected holes in the valance band of semiconductors. There are other fundamental
challenges to utilising dye‐sensitised photocathodes for p‐type solar‐driven water splitting,
which are listed below:
1) Visible light absorption: The sensitiser dye should absorb across a large range of the
solar spectrum in order to harvest large number of photons in the visible range. High
molar extinction coefficients are particularly important for NiO based p‐type
photocathode.
2) Hole injection quantum yield: The semiconductor should have a valance band (VB)
edge potential sufficiently higher than the reduction potential of the sensitiser dye.
This energy level difference determines a fast and efficient hole injection. The hole
injection from the dye to the VB of a semiconductor should occur much faster than
the dye’s excited state relaxation process. From the molecular structure aspect, the
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HOMO of the dye should significantly extend on the anchoring groups in order to
overlap with the VB states of the semiconductor.9,10
3) Regeneration reaction: The sensitiser dye on the adjacent semiconductor in aqueous
electrolyte should provide a sufficiently negative reduction potential to reduce
protons in the water with dye regeneration and hydrogen gas evolution.
4) Hole transfer: The semiconductor should have good p‐type conduction behavior with
suitable thickness for efficient charge collection.
5) Photoelectrochemical stability: For long term electrochemical stability, the sensitiser
dye and semiconductor should be stable to the reductive chemical environment
during hydrogen generation. The sensitiser dye should be stable to dye desorption in
water. For long term photochemical stability, the sensitiser dye and semiconductor
should be stable against photo‐corrosion.
According to the discussion and conclusion from Chapter 3, the ruthenium (II) and rhodium
(III) complexes sensitisers with different numbers of carboxylic acid group as anchoring
groups cannot be utilised for p‐type solar‐driven water splitting reaction. Organic dyes with
donor‐πbridge‐acceptor (D‐π‐A) molecular structure, as an alternative to the noble metal
complexes sensitisers, exhibit many advantages:
1) The molecular structures of organic dyes are generally of a donor‐π bridge‐acceptor
(D‐π‐A) structure. A conjugated π system is the common character of organic dyes,
which can be easily designed and synthesized. The variety in their structures
provides feasibility for molecular design in order to tune HOMO and LUMO with
absorption spectra.
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2) This conjugated π system provides the dye with efficient light harvesting property.
Organic dyes have larger molecular extinction coefficients (an intramolecular π‐π*
transition) than metal‐complex photosensitisers (due to MLCT absorption).11 This
also makes them attractive sensitisers for attachment in thinner films on
semiconductors; which will decrease the charge transport distance in the
semiconductor layers thus improving charge collection, especially for p‐type
photocathode application.
3) In contrast to organic dyes used in conventional TiO2 photoanodes, the carboxylic
acid anchoring groups are attached to the donor component. This has been reported
to be an important design feature for an efficient NiO based p‐type photocathode in
dye‐sensitised solar cells.12,13 So for the p‐type hole injection kinetics, the organic
dye molecule could be designed by making the donor attached with anchoring group
near the NiO surface and the acceptor near the electrolyte.
4) Concerning the cost and environmental issues, organic dyes do not contain noble
metals such as ruthenium, which are cost effective compared to noble metal
complexes.
The aim of this chapter is to demonstrate the feasibility of solar‐driven water splitting by
utilising organic D‐π‐A structure sensitisers based p‐type dye‐sensitised photocathode. Two
D‐π‐A dyes were used as sensitiser on NiO, which consist a triphenylamine (TPA) as donor (D)
with two carboxylic acid anchoring groups connected to a perylenemonoimide (PMI) as
acceptor (A) via two and six regioregular 3‐hexylsubstituted thiophenes. These two dyes are
named by dye6 and dye7 in this thesis, with their molecular structure shown in Figure 4.2.
Dye6 was first studied by Qing Wang et al.14 They reported the synthesis process for dye6
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and also tested cyclic voltammetric, chronocoulometric and spectroelectrochemical
measurements to determine the percolation threshold for cross surface charge transfer and
the diffusion coefficients for the charge hopping process. Dye7 was first reported by
Nattestad et al. as a p‐type organic dye for photocathode in a tandem structured dye‐
sensitised solar cell.2 Three D‐π‐A structure organic dyes, including dye6, had been
employed as efficient p‐type photocathode sensitisers. In this work, dye7 shows the highest
efficiency for p‐type DSSCs until now. The tandem cell with dye7 exhibited the highest
efficiency of 2.42% as well. For this thesis, it is the first time that these two dyes are
employed in p‐type NiO based dye‐sensitised photocathode for solar‐driven water splitting
research. Hydrogen generation from water reduction is evolving under visible light
irradiation (λ > 420 nm).
Following the same logic of Chapter 3, optical and electrochemical properties of these two
dyes are studied by: UV‐visible absorption spectra for calculating extinction coefficient and
optical band gap; and to use cyclic voltammetry (CV) for determining the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for each
dye. Based on conclusions from Chapter 3, investigations on the photocathodic
performance of dye6/NiO and dye7/NiO p‐type dye‐sensitised photocathodes in aqueous
electrolyte were performed using cyclic voltammetry (CV). CV results would illustrate
photoactivity and stability over a period of several cycles of these photocathodes in aqueous
electrolyte. Furthermore, these results would also indicate the change in NiO
electrochemical properties before and after “sensitisation” in aqueous electrolyte.
Chronoamperometry in a 3‐electrode system was performed for at least 3 hours with gas
detection by gas chromatography to demonstrate hydrogen generation and faradaic
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efficiency. The photocurrent detected, without corresponding gas detection, would not
prove that water splitting reactions really occurred. Faradaic efficiency should be observed,
which means the photocurrent totally contributes to gas generation. IPCE measurements
were conducted to prove that photocurrents were generated from visible light illumination
and harvested by the organic dyes. No other co‐catalyst was used in the electrolyte,
therefore reducing the charge transfer steps and enabling the organic dye/NiO to contact
with water directly.

169

4.2 Experimental
4.2.1 P‐type dye‐sensitised NiO film preparation
NiO nanoparticle powders were purchased from Inframat. A slurry was used for doctor
blading and was produced by grinding 2 g of NiO powder with 10 µL acetylacetone, 25µL
Triton (X100) and 12 mL of water (added in small aliquots whilst grinding). The slurry was
then sonicated for 30 minutes, and centrifuged for 20 seconds at 4000 rpm to remove any
remaining large agglomerates.
Using the Magic tape (3M) to control film thickness, NiO films of ~1.8 µm were controlled
and produced by manual doctor blading method, with an active area of 3 cm2 on FTO glass.
The thickness used here is thinner than the thickness for p‐type DSSC (~2.5 µm) in Chapter 3.
The centrifugation step improved the NiO film mechanical property dramatically with more
smooth and crack‐free.1 Electrodes were sintered at 550 °C for 10 min, before being cooled
and sensitised in a 0.2mM dye6 (PMI‐2T‐TPA) and dye7 (PMI‐6T‐TPA) dye solution (in
dimethylformamide, DMF, Aldrich) for 4 hours. Their molecular structures are shown in
Figure 4.2.
Two D‐π‐A type dyes were introduced here: dye6 (PMI‐2T‐TPA) and dye 7 (PMI‐6T‐TPA),
which is composed of perylenemonoimide (PMI) as electron acceptor, a regioregular 3‐
hexylsubstituted thiophene unit as the conjugated chain, and triphenylamine (TPA) as
electron donor. The carboxylic acid anchoring groups are attached to the TPA of the donor
group. These dyes were syntehsised by the Bauerle group (Institute for Organic Chemistry II
and Advanced Material, University of Ulm, Albert‐Einstein‐Allee 11, 89081 Ulm, Germany).
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(a)

(b)

Figure 4.2 Chemical Structures for the two dyes obtained from Ulm, Germany. (a) dye6 and
(b) dye7.
The chemical structure difference between dye6 and dye7 is that the length of the
regioregularly alkylated oligo‐3‐hyxylthiophene unit was varied from a bithiophene (dye6) to
a sexithiophene (dye7) as shown in Figure 4.2.
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4.2.2 Optical properties of dyes in DMF
UV‐visible absorption spectroscopy was used to identify the optical properties of the dyes in
DMF solution. Solutions with precise concentration were prepared and a small sample of
each dye used to fill a 1 cm path length quartz cell. The quartz cuvette was placed in a UV‐
visible spectrometer (Shimadzu UV‐3600). The dyes absorption spectra were measured at
different concentrations in DMF. The absorbance was recorded over the range 350 ‐ 800 nm,
and then the molar extinction coefficient for each dye was calculated. The aim of using UV‐
visible absorption spectroscopic analysis here is to determine the optical band gap of each
dye, to test strength and span of absorption across the UV‐visible region of the spectrum.

4.2.3 Cyclic voltammetry (CV) of dyes in DMF
The oxidation potentials of the dyes were determined by cyclic voltammetry (CV) in a three‐
electrode electrochemical cell setup, using a glassy carbon working electrode, a platinum
mesh counter electrode and an Ag/AgCl electrode as reference electrode (calibrated against
ferrocene/ferrocenium couple). Dye was dissolved 0.2mM in DMF (3 mL) with 0.1 M
tetrabutylammonium perchlorate (TBAP) as supporting electrolyte. Half‐wave potential was
used to estimate the position of the highest occupied molecular orbital (HOMO), using a
correction factor described in literature previously.15 The lowest unoccupied molecular
orbital (LUMO) was estimated based on the measured HOMO energy level and the optical
band gap of the dye from the result of UV‐visible analysis. The half‐wave potential
calculation process is followed the experimental Section 2.2 and Equation 2.1 (Page 80)
shown in Chapter 2.

172
CV was performed with a scan rate of 100 mV/s. Voltage scan is from negative initial lower
limit potential to the higher limit of + 1200 mV and then back to the original voltage for
cycles; with respect to a Ag/AgCl reference electrode. Voltage was converted by reference
to the ferrocene/ferrocenium couple (Fc/Fc+). For a standard ferrocene CV, a 1.0 mM
ferrocene solution was prepared in DMF containing 0.1 M TBAP in 5 ml DMF and the CV
testing was recorded.

4.2.4 Cyclic voltammetry (CV) for PEC cell in aqueous electrolyte
Photoelectrochemical measurements were conducted with a potentiostat (Zahner). A
Zahner cell was used here for studying the half‐cell reaction through use of cyclic
voltammetry (CV). The illumination area through the quartz glass of the Zahner cell was 2.5
cm2. Another H‐type cell (Makuhari Rikagaku Garasu Inc.) was a full‐cell composed of
working and counter electrodes components divided by a Nafion 117 membrane (DuPont).
The illumination area was larger than the PEC sample’s active area (3 cm2). An Ag/AgCl
electrode and platinum mesh were used as reference and counter electrodes respectively.
The reference and working electrodes were placed into the same compartments of the H‐
cell, with a 0.1 M aqueous (DI water) solution of Na2SO4 as the electrolyte, bubbled with Ar
as protect gas before each measurement. For experiments undertaken in the Zahner cell,
the electrolyte was bubbled with Ar before pouring into the cell. The pH was adjusted by
NaOH and H2SO4.
The light sources were two Xe lamps with plano‐convex lens to produce a collimated light
beam. The amount of evolved H2 was determined using an online gas chromatograph
(Shimadzu, GC‐8A, Ar carrier).
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4.2.5 IPCE measurement
The Incident Photon to Charge carrier conversion Efficiency (IPCE) was measured in the H‐
cell using a 300W Xe lamp (Newport) as light source. For IPCE measurements, the
wavelength of the incident light was controlled by a monochromator (Newport). The
working electrode was held at 0V vs Ag/AgCl.
The dye‐sensitised NiO photocathode performance was investigated in 0.1M Na2SO4
aqueous solution with the incident photon to current efficiency (IPCE) determined under an
applied potential of 0V vs Ag/AgCl increasing with pH. The pH was adjusted by NaOH and
H2SO4.

4.2.6 Stability of NiO based dye‐sensitised photocathode in aqueous
electrolyte
Three samples of dye7 sensitised NiO on FTO electrodes were put into three aqueous
electrolytes in the dark for long term time period of several months. Three electrolytes were
adjusted pH with 1.0 M HCl, 1.0 M NaOH and pure deionised water, respectively. There is
one sample for each electrolyte.
In the first place, three samples in electrolyte were kept in the dark for 213 days. After
keeping in the dark, the three samples were moved to the window of our lab under
sunshine illumination during day time. Photographs of these samples under these
conditions were taken at intervals of several weeks. This part work is finished by Dr. Andrew
Nattestad at Monash University.
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4.3 Results and discussion
4.3.1 Optical and electrochemical properties of Dyes
4.3.1.1 UV‐visible spectra in solution
UV‐visible absorption spectroscopy is employed to measure the optical properties of both
dyes in DMF. Figure 4.3 shows the solution state UV‐visible absorption spectra of dye6 in
DMF. As the dye amount is limited, we used some leftover solution from the dye jar for the
NiO dye‐sensitisation process. Therefore, the concentration of the solution is uncertain
specifically. The original concentration of dye6 for sensitisation is 0.2 mM.
Previous publications by Weidelener et al.16,17 and by Qing Wang et al.14 all showed the UV‐
visible absorption spectra data of dye6. Their solutions were based on dichloromethane.
According to Weidelener’s publication,16 dye6 had two absorption peaks in the wavelength
range from 300 nm to 800 nm. One is at 361 nm with molar extinction coefficient of 57200,
which is the absorption of the bithiophene‐triphenylamine (2T‐TPA) donor part of the dye
molecule. Another peak is the PMI absorption at 518 nm with molar extinction coefficient of
45000 and a shoulder at 500nm.18 In Figure 4.3, there are two peaks at the same position
with different absorbance, which shows the 518 nm peak absorbance is bigger than the 361
nm peak. This difference may be due to different solvent induced aggregation between dye
molecules or some contamination induced from NiO sensitisation process. However, our
result shows the same onset of absorption (λ (onset)) for dye6 following the same method
in Section 3.3.1.3. According to the λ (onset) 575nm from Figure 4.3, the optical band gap
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(eV) = 1240 (eV nm)/ 575 (nm) = 2.16 (eV). This optical band gap is the same with
Weidelener’s publication result.16

Figure 4.3 Solution State UV‐visible Absorption Spectra of three different concentrations
dye6 in DMF solution.
Dye7 was only sparingly soluble in solvents such as ethanol, methanol and acetonitrile,
which are commonly used for sensitisation process, and as such DMF was employed for
making dye solutions. Dye7 has a sexithiophene as the π ‐conjugated bridge between donor
(TPA) and accepter (PMI), which makes the UV‐visible absorption very broad as shown in
Figure 4.4. Table 4.1 shows the three absorption peaks with molar extinction coefficient for
each peak. The molar extinction coefficient was calculated following the Equation 3.1.
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Table 4.1 Dye7 absorbance value from different concentrations in DMF solution.
Concentration of
dye7 (mM)

Absorbance
(358nm/432nm/491nm)

0.011

0.378/0.437/0.449

0.0056

0.191/0.226/0.229

0.0028

0.097/0.116 /0.12

Absorption Bands (nm) (εM‐1
cm‐1)
358 nm (34400)
432 nm (40500)
491 nm (34400)

Figure 4.4 Solution State UV‐visible Absorption Spectra of (red: 0.011 mM, black: 0.0056
mM, and blue: 0.0028 mM) dye7 in DMF solution.
Following the same method as dye6, the onset of absorption of dye7 λ (onset) 625nm from
Figure 4.3, the optical band gap (eV) = 1240 (eV nm)/ 625 (nm) = 1.98 (eV). Table 4.2 shows
the onset absorption with optical band gap for dye6 and dye7.
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Table 4.2 Onset of absorption and optical band gap of dye6 and dye7 in DMF solution.

Dye
Dye6
Dye7

Onset of Absorption
(nm)
575
625

Optical Band gap
(eV)
2.16
1.98

4.3.1.2 Electrochemical properties
To determine the HOMO or LUMO energy level for dye6 and dye7, cyclic voltammetry (CV)
measurement for each dye was performed in DMF solution. CV was carried out under the
same conditions: 0.10 M TBAP in DMF with scan rate 100 mV/S. The CV results for each dye
and ferrocene in solution are shown in the Figures below. All CVs were obtained with
respect to a Ag/AgCl as reference electrode.
A typical CV of ferrocene is presented in Figure 4.5. The two peaks observed (A/A’) are
associated with a reversible single electron transfer. The peak A on the positive forward
scan is due to oxidation of neutral ferrocene to a positively charge state. The peak A’ on the
negative (reverse) scan is due to reduction back to the neutral state. The Fc/Fc+ redox peak
was found to have the half‐wave potential of 0.457 V vs Ag/AgCl in DMF solution, which is
calculated from Equation 2.1 (Page 80). The conversion was achieved using the simple
formula: Edye (vs Fc/Fc+) = Edye (vs Ag/AgCl) – EFc/Fc+ (vs Ag/AgCl).
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Figure 4.5 CV of ferrocene standard (1 cycle), demonstrating a single reversible electron
transfer process on a glassy carbon working electrode (1.8 mm2). Concentration of 1 mM in
electrolyte: 0.10 M TBAP in DMF scan rate 100mV/s; Ag/AgCl used as reference electrode
and Pt mesh as counter electrode.
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Figure 4.6 CV of dye6 (1 cycle). Electrolyte: 0.10 M TBAP in DMF; scan rate 100mV/s;
Ag/AgCl is reference electrode and Pt mesh counter electrode. The voltage vs Fc/Fc+ was
shifted by the half‐wave potential (0.457 V) from the CV of ferrocene.
Figure 4.6 shows no reversible redox reaction in the potential range scanned for dye6
occurring from ‐1.0 V (vs Fc/Fc+) to 1.0 (vs Fc/Fc+). According to paper published by
Weidelener et al.,17 there should be two couples of redox reactions in this potential range.
And Wang et al. also published the same dye CV matching with Weidelener’s result.14 They
reported there are three well pronounced reversible redox waves appear at 0.46, 0.67, and
1.14 V (half‐wave potential vs Fc/Fc+), which indicated the successive formation of stable
radical cations, dications and trications respectively.14 They attribute the first two waves to
the oxidation of the TPA‐T2 unit and the third wave to the independent oxidation of the PMI
unit. They used 1.0 mM dye6 in dichloromethane containing 0.1 M TBAPF6 as supporting
electrolyte. Limited by the dye amount, the CV measurement for dye6 in this thesis was
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undertaken by concentration of less than 0.2 mM. Therefore, there are not reversible redox
peaks showing in Figure 4.6. Based on results from Wang and Weidelener, we can get the
HOMO of dye6.

Figure 4.7 CV of dye7 with concentration of 0.2 mM (1 cycle). Electrolyte: 0.10 M TBAP in
DMF; scan rate 100mV/s; Ag/AgCl is reference electrode and Pt mesh counter electrode. The
voltage vs Fc/Fc+ was shifted by the half‐wave potential (0.457 V) from the CV of ferrocene.
For dye7, the CV by concentration of 0.2 mM is enough to show the reversible redox
reactions, which is A/A’ contribute to the oxidation of TPA‐T6 and the reduction of PMI of
B/B’. The half‐wave potentials for A/A’ and B/B’ are 0.387 V and ‐1.306 V vs Fc/Fc+. The
HOMO and LUMO of dye7 vs vacuum level was determined following the same process as
Chapter 3. Table 4.3 shows the summary of the optical band gaps, HOMO and LUMO of
dye6 and dye7. Figure 4.8 shows comparison of dye6 and dye7 energy levels with NiO and
pH 0 water electrolyte. The HOMO and LUMO is referenced from publication.17
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Table 4.3 Summary of the optical band gaps, HOMO and LUMO of each dye.

Dye

Onset of
Absorption
(nm)

Optical
Bandgap
(eV)

HOMO
(eV)

LUMO
(eV)

Dye6

575

2.16

‐5.54

‐3.80

Dye7

625

1.98

‐5.27

‐3.29

Figure 4.8 suggests that, dye6 and dye7 have enough hole injection driving force after
attached on NiO surface. For dye6 the driving force is bigger than dye7. However, dye7 has
more positive LUMO energy level for water reduction reaction than dye6. There appears to
be a tradeoff between hole injection and dye regeneration. According to previous work
from Nattestad et al. in p‐type, dye7 is better than dye6 with both improving Voc and Jsc.2
They used transient laser spectroscopy measurements clearly revealing that charge
recombination rates decrease with increasing length of the oligothiophene bridge. LHE and
APCE had been improved by dye7 comparing with dye6. Therefore, in this thesis for solar‐
driven water splitting, the most challenging is the fast charge recombination between the
reduced sensitiser and the injected holes in the valance band of semiconductors. The
lifetime of reduced sensitiser in aqueous electrolyte determines water splitting reactions. In
the following experiments, we will compare dye6 and dye7 performance in p‐type NiO
based photocathode for water splitting.
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Figure 4.8 Comparison of 2 dyes energy levels in NiO based p‐type with redox potential level
of H2/H2O in pH 1 aqueous electrolyte.

4.3.2 PMI‐2T‐TPA (dye6)/NiO photocathode driven water reduction
4.3.2.1 Cyclic voltammetry (CV) measurement in aqueous electrolyte
A 300W Xe lamp (Newport) with λ>420 nm long‐pass filter was used to illuminate the
sample with an illuminated area of 2.5 cm2 in a Zahner cell. Figure 4.3 shows, in pH 1.0
solution, the light adjusted to the centre to illuminate the working electrodes area
completely. The experiments were done in a dark room with a black board in front of the
light source to switch on/off for dark or light condition. The obtained potentials (vs Ag/AgCl)
were converted to the reversible hydrogen electrode (RHE) scale via the equation
below:19,20
V RHE= VAg/AgCl + V0 Ag/AgCl vs NHE + 0.059 × pH
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With pH = 7.0: V RHE = VAg/AgCl + 209 mV + 413 mV = VAg/AgCl + 622 mV
With pH = 1.0: V RHE = VAg/AgCl + 209 mV + 59 mV = VAg/AgCl + 268 mV
Where VRHE is the converted potential vs RHE, VAg/AgCl is the experimental potential
measured against Ag/AgCl reference electrode, V0Ag/AgCl vs NHE is 209 mV (3M NaCl) at 25ºC.
In Figure 4.9 (a) there are three distinct peaks in the CV, 1 anodic peak at 0.7 V (vs Ag/AgCl)
with two cathodic peaks at 0.55 V and 0.85 V (vs Ag/AgCl). These three broad peaks are
typical of nanostructured NiO in aqueous electrolyte, that are due to redox reactions.21 The
one set of anodic and cathodic peaks (0.7 V and 0.55 V vs Ag/AgCl) indicate the redox
reaction of the Ni (II)/Ni(III) atoms at the surface. The other cathodic peak (0.85 V vs
Ag/AgCl) is due to the reduction of Ni (IV) atoms at the surface to Ni (III). The corresponding
anodic peak for this reversible electrochemical process occurs at more anodic potentials,
which is not shown in this potential range.21
Figure 4.9 (a) also shows that there is a cathodic current shift after illumination by visible
light (λ>420 nm). Before the onset of oxidation of NiO, the current shifts cathodically within
the voltage range between ‐0.6 V to 0.4 V. This is the photocurrent generated by the p‐type
dye‐sensitised NiO in aqueous electrolyte. To show the photocurrent in more detail, a
narrower scan range of CV is given in Figure 4.3 (b). The upper limit voltage (vs Ag/AgCl) is
0.1 V, before the onset of NiO oxidation peaks. The photocurrent is the same during the
scan from 0.1 V to – 0.6 V (vs Ag/AgCl). Upon illumination, the current shifted cathodically
by ~75 µA/cm2, which was nearly independent of the applied voltage within the measured
voltage range.
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Figure 4.9 Dye6 sensitised NiO photocathode CV measurement (vs Ag/AgCl) in 0.1M Na2SO4
aqueous solution (pH = 1.0 adjusted by H2SO4), measured with a scan rate of 50 mV/s. (a)
Scan range from ‐0.6 V to 1.0 V under illumination λ> 420 nm (red), and in the dark (black); 2
cycles for each scan separately starting from 0 V to negative direction first. (b) Scans from ‐
0.6 V to 0.1 V; 2 cycles is in the dark starting from 0.1 V with second 2 cycles in the light, and
switched during the test.

185
PH of 1.0 adjusted by H2SO4 was chosen for increasing the H+ concentration in the aqueous
electrolyte to the acidic condition. But, as NiO film is not stable in pH 1.0 aqueous solution,
there is no result showing a CV of NiO without dye attached at this pH. This actually
indicates one advantage of using dye‐sensitised photocathodes. The organic dye can protect
the metal oxide semiconductor surface against low pH in aqueous electrolyte.

4.3.2.2 Chronoamperogram measurement and hydrogen detection
As the CV results have shown that a photocurrent generated from dye6/NiO photocathode
in aqueous electrolyte of pH 1.0, there is an additional need to demonstrate that the
photocurrent was really generating hydrogen; which is the essential target product of water
splitting reactions. The chronoamperogram measurement was conducted in the H‐cell as
shown in Figure 4.10.
In the H‐cell, the working and reference electrodes in one compartment were separated
from the counter electrode in another compartment by a Nafion membrane. The active area
under illumination was 3 cm2. The voltage of ‐0.3 V (vs Ag/AgCl) was chosen based on CV
results shown in Figure 4.9. The ‐0.3 V (vs Ag/AgCl) equals ‐0.032 V (vs RHE in pH 1.0),
slightly more negative than 0 V vs RHE. Based on the principle of hydrogen generation
reactions, hydrogen can be generated at this potential determined by LUMO of the dye for
reducing proton theoretically. Before the test, Ar was bubbled through the aqueous
electrolyte for 1 hour to degas O2 and N2.
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Figure 4.10 Chronoamperogram for 3 hours measured by illuminating a dye6 sensitised NiO
photocathode (‐0.3 V vs Ag/AgCl reference electrode) in 0.1M Na2SO4 aqueous solution (pH
= 1.0 adjusted by H2SO4) with a Pt mesh counter electrode. Ar was bubbled for 1 hour to
saturate the aqueous electrolyte before running the test.
The photocurrent density decreased during the first 1.5 hours from 0.2 µA/cm2 to nearly 0,
and then increased to 0.1 µA/cm2 in the next 1.5 hours. As the photocurrent is very low, the
hydrogen gas generated was too little to be detected by GC. Ar carrier gas cannot be used to
bubble the electrolyte as well as inject into the GC, as the carrier gas will dilute the
hydrogen beyond the limit of GC detection.
Therefore, the method adopted was to run the 3‐electrode solar‐assisted water reduction
system for 3 hours to collect hydrogen in the H‐cell without the Ar protect gas inlet. After 3
hours, a syringe was used to sample gas from the H‐cell and inject into the GC for testing.
The GC test result is shown in Figure 4.11.
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Figure 4.11 GC result of hydrogen generated after 3 hours chronoamperogram test.
Figure 4.11 shows the GC signals of gas in the H‐cell after 3 hours chronoamperogram test.
The small peak in the red circle is the hydrogen signal from GC. There are two peaks around
x=7.775 of O2 and N2 signals overlapping with each other. As the hydrogen peak is very small
without a peak area detected, we cannot really calculate how much hydrogen was
generated during the 3 hours. But this small peak demonstrates that NiO based p‐type dye‐
sensitised solar driven water reduction was achieved.

4.3.3 PMI‐6T‐TPA (dye7)/NiO photocathode driven water reduction
The dye structure can largely influence photoelectrochemical behavior. In order to improve
the performance of these systems, dye7 was also investigated to study the dye structure
influence on the performance of photocathode driven water splitting.
According to Nattestad and co‐workers’ previous research on these two dyes (dye6 and
dye7),2 the electron density of the LUMO for dye6 and dye7 is located at the PMI and the
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adjacent thiophene ring. The HOMO is distributed over the entire π ‐conjugated system. The
oligothiophene bridge creates a physical space between electron density in the LUMO and
the semiconductor surface, which can decrease the possibility of charge recombination.
The electron density differences in the HOMO derived from their chemical structures is
another advantage. As described in the published results,2 the HOMO of dye7 has little
electron density on the perylene unit, with it being shifted onto the oligothiophene bridge.
This is favourable as it means electrons extracted from the NiO can more easily move into
the excited dye. The increasing oligothiophene bridge length can also improve light
harvesting; which will be discussed by comparing of the IPCE of dye6/NiO with that of
dye7/NiO in aqueous electrolyte for water reduction.

4.3.3.1 Cyclic voltammetry (CV) measurement in aqueous electrolyte
CV measurement of dye7/NiO in the H‐cell was tested with Ar as carrier gas. CV of NiO in
the dark and light was also investigated to demonstrate photocurrent generation from light
harvesting by the dye rather than NiO. As NiO is not stable in pH 1.0 aqueous electrolyte, a
neutral pH 7.0 electrolyte was used here.
Figure 4.12 (a) compares the CVs of a dye7 sensitised NiO photocathode with (red) and
without illumination (black) recorded in a 3‐electrode setup using 0.1 M Na2SO4 aqueous
electrolyte at pH 7. The Ag/AgCl reference electrode and the photocathode were placed in
one of the compartment of the H‐cell, whilst the Pt mesh counter electrode was placed in
the second compartment, separated by a Nafion 117 membrane (DuPont).
A 300‐W Xe lamp (Newport) with λ>420 nm long‐pass filter was used to illuminate the
sample with an illuminated area of 3 cm2. Upon illumination, the current shifted cathodically
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by ~6 µA/cm2, which was nearly independent of the applied voltage within the measured
voltage range. The onset of cathodic current shifted positively by 500 mV under illumination
on the forward scan, which represents a 500 mV negative shift in the overpotantial for H+
reduction η=‐(E‐ERHE), where E is the applied potential and ERHE is ‐0.399 V at pH 7.0.
Air in the electrolyte can influence the photocurrent. The photocurrent from the Zahner cell
is larger than the H‐cell as can be observed from the results (Figure 4.3 and Figure 4.12).
Before each test, the aqueous electrolyte was saturated with Ar for 1 hour. But the Zahner
cell is an open system exposed to air. So the photocurrent was generated with some O2 and
N2 in the electrolyte. The H‐cell employed was an air tight system.
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Figure 4.12 Cyclic voltammetry (vs. Ag/AgCl reference electrode) in 0.1M Na2SO4 aqueous
solution (pH=7.0), measured with a scan rate of 4mV/s. (Red) under illumination (λ> 420
nm), and (black) in the dark for (a) dye‐sensitised NiO photocathode and (b) NiO.
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The CVs measured for pure NiO under exactly the same conditions shown in Figure 4.12 (b)
did not show any noticeable current density shift under illumination within the measured
voltage range.
The peak around 100 mV vs Ag/AgCl can be attributed to partial oxidation of NiO as
previously reported by Boschloo et al.21 This first peak is shifted to slightly higher positive
potentials when the NiO is coated with the dye, suggesting that either the dye effectively
blocks the NiO surface, or the chemical attachment of the dye through the carboxylate
binding ligand shifts the oxidation potential of the first peak.

4.3.3.2 Chronoamperogram measurement and hydrogen detection
Figure 4.13 shows a chronoamperogram of the illuminated dye‐sensitised photocathode,
electrically biased at 0 V versus Ag/AgCl, using a Pt counter electrode, which reveals that
after an initial spike the photocurrent density reaches 1.7 µA/cm2 within ten minutes, and
then increases to a plateau at around 3.9 µA/cm2 over a four‐hour period. The sample
showed no signs of degradation even after this period and the photo‐electrochemical tests
were highly repeatable, with multiple experiments completed on the same photoelectrode.
During the testing, the lamp was shuttered twice causing the photocurrent to drop to
approximately 100 nA /cm2 within seconds (inset of Figure 4.13) confirming that the
observed current under illumination is indeed a photocurrent.
The H2 generation rate was measured during the process of the test. H2 detection was done
using the Ar gas‐flow system as described. 5 ml of the gas in the sample loop was injected
into a molecular sieve column of a gas chromatograph (Shimadzu, GC‐8A, Ar carrier gas,
with gas flow‐rate 4.2 ml/min).
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From the carrier gas flow‐rate and the integrated signal intensity, the H2 generation
efficiency was calculated. There was no H2 detected after the first hour, presumably due to
the rather slow migration of the generated H2 to the reactor headspace. After 2 hours of
illumination a sample was collected (72 second collection time period). The faradaic
efficiency is calculated follow the steps listed in Section 2.5.2 of Chapter 2.
This yielded 2.6 nmol H2, corresponding to a faradaic efficiency for hydrogen generation of
97 ± 7%. The error arises from the fluctuations in photocurrent, which corresponds to a
cathodic charge in the range of 0.029 to 0.033 C within the sampling time.

Figure 4.13 Chronoamperogram (left axis) and hydrogen generation rate (right axis, red
triangles) of a dye7/NiO photocathode (0 V vs Ag/AgCl) measured in 0.1M Na2SO4 aqueous
solution (pH=7.0), under illumination (λ> 420 nm) with a Pt counter electrode.
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4.3.3.3 IPCE and UV‐visible spectra measurement

Figure 4.14 IPCE spectrum of dye7/NiO electrode (red) and NiO electrode (black) measured
at 0 V vs Ag/AgCl in 0.1M Na2SO4 aqueous solution (pH=7.0) with a Pt counter electrode,
under illumination of monochromatic light with 50 nm interval.
Incident

photon

to

current

efficiency

(IPCE)

was

measured

by

measuring

chromoamperograms (0 V vs Ag/AgCl) of the samples and tuning the wavelength of the
illuminating light at intervals of 50 nm. The IPCEs were calculated from the photocurrent
response at each wavelength referenced to the light intensity measured using a calibrated Si
photodiode shown in Figure 4.14.
Figure 4.15 shows the spectral response of the photocurrent of the photocathode under
monochromatic light in the range of 350 – 800 nm (IPCE) of both dye7 sensitised and non‐
sensitised NiO, at 0 V versus Ag/AgCl. Although tests of IPCE of the other dye (dye6)
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sensitised NiO in H‐cell were also performed, the photocurrent was really low and cannot be
distinguished from the noise of the baseline current.

Figure 4.15 The absorbance of the dye7/NiO and pure NiO.
Figure 4.14 shows IPCE values in the range of 0.1% up to 0.6% at the peak that have been
measured at low illumination intensities. The shape of the spectral response, that closely
followed the absorptivity of the dye7 attached to the NiO photocathode shown in Figure
4.15, demonstrates that photon absorption by the dye is primarily responsible for
photocurrent generation. The photocurrent response of dye7/NiO is observed up to 650nm,
which is in good agreement with the absorption profile of the dye on NiO in aqueous
solution (optical band gap ~1.9 eV).
The above results demonstrate that the photocurrent generated from dye‐sensitised NiO in
aqueous electrolyte by using dye7, which has a longer oligothiophene bridge as the
conjugated chain, is larger than that from dye6 sensitised NiO. The feasibility of using the
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NiO based p‐type dye‐sensitised photocathode for visible light driven H2 generation has also
been demonstrated. The mechanism is hole injection from the photo‐excited dye into the
valance band of NiO, leading to a dye anion. The reduction potential of that dye7 anion is ‐
1.1 V versus NHE, which is ‐1.5 V versus RHE at pH 7.

4.3.4 Stability of organic dye‐sensitised NiO
Initial tests showed that dye7 is very stable against degradation over several months when
kept in the dark in 1.0 M HCl, 1.0 M NaOH or deionised water.
The coloration of the electrode gradually disappeared over ~12 days under illumination in
an acidic solution, but remained largely unchanged over the same time period in an alkaline
or deionized solution (Table 4.4). These observations indicate that not only is the dye
chemically stable but it is firmly attached to the NiO for a prolonged time. This is an
outstanding advantage in contrast to most dye‐sensitised photoanodes, which show
significant dye desorption under water oxidation conditions, limiting long term
stability.3,22,23
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Table 4.4 Dye‐sensitised NiO electrode stability in different pH aqueous solution over time.
These results are collected by Dr. Andrew Nattestad.

Films (with 5110 hrs exposure time) subsequently illuminated under direct
sunlight

Films kept in dark between inspections

1M HCl

0 hrs

188 hrs

5110 hrs (213
days)

5110 + 25hrs

5110 + 120 hrs

5110 + 290 hrs

5110 + 2951 hrs
(213 + 123 days)

DI water

1M NaOH
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4.4 Conclusion
It has been demonstrated that dye‐sensitised photocathodes based on two organic dyes
(dye6 and dye7) adsorbed on nanostructured NiO can be used for solar‐driven PEC water
reduction. The hydrogen evolution could be detected by gas chromatography.
Organic dye7 attached on NiO photocathode for p‐type dye‐sensitised water reduction is
more promising than dye6, showing a higher photocurrent density. The dye‐sensitised NiO
photocathode was characterised in a three‐electrode setup, and shows generation of H2 due
to dye‐sensitised hole injection into the valance band of NiO, followed by reduction of water
by the photogenerated dye anions.
From the IPCE measurements, the best efficiency for monochromatic light is around 0.6%.
Dye7 shows better IPCE results than dye6, which IPCE was hardly detected.
Stability testing shows that organic dye is actually protecting the NiO from corrosion during
the water splitting reactions. Degradation of the electrodes occurs over hundreds of days in
acid, neutral or basic electrolytes.
It is worth noting that water reduction with hydrogen generation, utilising these organic
dyes, was achieved without the addition of other co‐catalyst in the aqueous electrolyte.
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Chapter
5 Optimisation of a photocathode in solar‐
driven water splitting
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5.1 Introduction
In Chapter 4, the development of a dye‐sensitised NiO photocathode for solar‐driven water
splitting was successfully demonstrated. Dye7 shows better performance than dye6 for
photocathode driven water splitting. After absorption of light, charge separation is initiated
at the dye/NiO surface.1 Highlights of the dye‐sensitised NiO photocathode are that it is
stable under neutral or basic conditions. It makes the system simple and easy to investigate,
as the dye‐sensitised NiO photocathode is contacting water directly without other co‐
catalyst in the electrolyte.
NiO is an insulator in pure, stoichiometric form, with room temperature conductivity of the
order of 10‐13 S/cm.2 Non‐stoichiometric NiO, however, is a wide bandgap p‐type
semiconductor.3,4 The NiO nanoparticles (~20nm, Inframat Advanced Materials) used in this
thesis are NiOx with 73.6% Ni weight ratio, whereas the weight ratio of Ni in stoichiometric
NiO should be 78.6%. Each Ni (II) vacancy in the lattice produces two positively charged
holes which cause the p‐type conductivity of NiO.5,6 These holes are quasi‐localized on Ni (II)
ions near the vacancy in the lattice, generating two Ni (III) ions for each Ni (II) vacancy.5,7
One intrinsic limitation to NiO based p‐type photocathode for dye‐sensitised solar cell is the
low intrinsic electrical conductivity and hole diffusion coefficient of NiO film (10‐8~10‐7 cm2/S,
more than 2 orders of magnitude lower than the electron diffusion coefficient of TiO2),8
resulting in loss of photogenerated holes through two recombination routes between the
reduced state of the dye molecule and the reduced species of the electrolyte.9,10
In a p‐type DSSC, NiO film performs the function of interfacial hole transfer. NiO film
preparation conditions were found to strongly influence the nanostructure and photovoltaic
performance of dye‐sensitised photocathodes. NiO based photocathodes have been
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prepared by a variety of approaches, including electrodeposition,11 chemical bath
deposition,12 sol‐gel method,13,14 hydrothermal synthesis15,16 and spray pyrolysis.17 NiO film
quality, including crystalline structure and grain boundary, has been studied on hole
transportation. In 2008, Nattestad et al. published a paper about optimisation of sintering
conditions for commercial NiO powder based dye‐sensitised photocathodes for a tandem
solar cell.18 They used the same commercial NiO powder as in this thesis for investigation
into the effects of sintering conditions for producing smooth, crack free and ~1.6 µm thick
NiO films by a doctor blading technique. Critical properties such as pore‐size distribution,
crystallinity, and internal surface area of the sintered and unsintered NiO films were tested
and compared with a series of different sensitisers and electrolytes. The sintering time was
kept constant at 10 min, with the most efficient devices assembled from films sintered at
550 °C. In 2012, from the same group, Zhang et al. published results on tuning NiO
nanoscale crystallinity to improve carrier lifetime and charge collection.19 They
demonstrated a conversion efficiency of 0.61% with 50% increase by simply tuning the
nanoscale crystallinity of mesoporous NiO film. In that work, an additional sintering process
at 550 °C for 15 min was employed to improve the crystallinity of the NiO film. They also
found the best conversion performances were with ~2.7 µm NiO film. In Chapter 3, ~2.5 µm
NiO was prepared for p‐type solar cell. The heating preparation methods followed the
optimised conditions as discussed above. The details are listed in Chapter 2.
In a photocathode driven water splitting system, the photogenerated electrons located on
dye molecules have the potential to reduce water and produce hydrogen. However, the life‐
time is related to the holes concentration in NiO. If the holes in NiO cannot transfer to and
be successfully collected from FTO, they will accumulate in NiO with concentration increase,
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which can decrease the photogenerated electrons’ life time. One mechanism difference
between NiO based p‐type solar‐driven water splitting and NiO based p‐type solar cell is
that there is different recombination route for photogenerated holes in water splitting, as
shown in Figure 5.1 by the dashed arrows. There is no recombination happening between
the aqueous electrolytes with the holes in NiO. Because the energy level of reduced species
of water is far below the VB of NiO. However, the intermediate for H+ reduction, reduced
proton H, can be reoxidised if it did not react fast enough to form H2.
Therefore, in this Chapter, experiments were performed to optimise the performance of
dye7 with NiO. To optimise the performance of dye7/NiO photocathode in aqueous
electrolyte, three methods were applied in trying to further improve the performance of
NiO based p‐type solar‐driven water splitting performance:
First, NiO film optimisation by different thicknesses of NiO films prepared and sensitised by
dye7. The photocurrent generated from each thickness photocathode was tested under the
same intensity of illumination from a 300 W Xe Lamp. This is new work, as there are no
previous references or publications on NiO thickness optimisation for p‐type solar‐driven
water splitting performance. In Chapter 4, only ~1.8 µm NiO was employed for solar‐driven
water splitting. In this Chapter, 4 different thicknesses of NiO films were prepared for this
experiment.
Second, due to organic dye adsorption on the nanostructured NiO causing the surface of the
photocathode to become hydrophobic, which prevents wetting by the aqueous electrolyte
thus minimising electrolyte ingress into the internal space of the nanostructured NiO film
and so limits the active surface area of the photocathode. To improve wettability, a non‐
ionic surfactant Triton X100 was added to the electrolyte. As a nonionic surfactant, Triton
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X100 has a hydrophilic polyethylene oxide chain and an aromatic hydrocarbon lipophilic
group. The photocurrent after adding Triton X100 in 0.1M Na2SO4 (pH 7.0) was tested to
analyse the effect.
Third, the hole transfer in NiO film can be ameliorated by adding reduced graphene oxide
(rGO) in the NiO film, as has been described in p‐type DSSC.20 For improving PEC water
oxidation, graphene has been well studied for acting as an electron acceptor and
transporter to reduce the recombination rate of the photoinduced electron‐hole pairs in
photocatalysts and PEC water splitting cell.21,22 Previous reports used graphene oxide (GO)
as the precursor, followed by reduction to produce reduced graphene oxide (rGO) by
chemical or UV reduction. Here, thermal reduction to make NiO/rGO composite films on
FTO glass has been employed.
Figure 5.1 illustrates the charge transfer processes occurring in NiO/rGO composite film
used as the photocathode for water reduction. The injected holes can be transferred easier
from NiO nanoparticles into the graphene sheets, which serve as a shuttle to efficiently
transport the holes to the external circuit, due to favorable energy level alignment and the
strong interaction between NiO particles and graphene sheets.
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Figure 5.1 Schematic representation of charge transfer processes of dye‐sensitised NiO with
graphene.
All these previous optimisation experiments were implemented in the H‐cell. The H‐cell is
air‐tight, which keeps the gas products from leaking out, with Ar protect carrier gas to carry
the gas products to the GC for product identification. Strictly speaking, all the products from
photoelectrochemical (PEC) reactions must be identified.23 The photocurrent or
photoelectron‐response cannot be used for identification, as it cannot be totally attributed
to the final chemical products.
In this Chapter, we used a Zahner cell for testing. The Zahner cell is not air‐tight and not
connected to the GC. We used it to show the NiO photocathode photoelectrochemical
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performance or PEC performance without regard to products. The results by the Zahner cell
can show the potential of this dye‐sensitised photocathode in different aqueous
environments. It also saves time, as the measurements in H‐cell are very time consuming.
Only promising, stable and high performance photoelectrodes were tested in the H‐cell.
Different pH aqueous electrolytes were prepared. The effect of varying the pH of the
aqueous

electrolyte

was

investigated.

Cyclic

voltammetry

(CV)

and

UV‐visible

spectroelectrochemistry measurements of dye7/NiO photocathode were applied to
investigate the pH influence. Different spectra in the UV‐visible region of a dye7/NiO
photocathode in 0.1 M Na2SO4 of pH 1.0, 3.0, 5.0, and 7.0 are presented together with the
CV results under the same electrolyte conditions.
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5.2 Experimental
5.2.1 Cyclic

voltammetry

(CV)

for

PMI‐6T‐TPA

(dye7)/NiO

photocathode in various pH aqueous electrolytes
Obviously, there is more H+ of concentration in the acid aqueous solutions comparing with
neutral and basic aqueous solutions. As our aim is to improve the solar‐driven water
reduction efficiency, pH influence should be studied especially in the acid aqueous solution
environment. However, in the real operating condition, the pH on the interface between
dye‐sensitised NiO and aqueous solution may be different from the pH of whole aqueous
solution. This study could also present some useful information about the mechanisms of
solar‐driven water reduction. Furthermore, pH may effect on the energy levels of dyes and
the VB of NiO, which are determining the driving force of hole injection in the p‐type solar
cell and also the reduction potential of the dye. Cyclic voltammetry results in different pH
condition could shed light on the potential position of the oxidation/reduction states of dyes
and NiO.
To study the pH influence, CV of dye7/NiO in various pH (1.0, 3.0, 5.0, and 7.0) aqueous
solutions was studied by a 3‐electrode system in a Zahner cell in the dark and light
illumination. Ag/AgCl was used as reference electrode. The counter electrode was Pt wire.
The pH of electrolyte (0.1 M Na2SO4) was adjusted by H2SO4 and NaOH. For pH 1, where a
significant amount of H2SO4 was added, the Na2SO4 was carefully adjusted to have total
concentration of 0.1 M. Before each test, Ar was bubbled through for 1 hour to saturate the
electrolyte. The voltage scan range was from ‐500 mV to +400 mV (vs Ag/AgCl).
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The pH of the electrolyte was determined for each measurement using a pH meter. The
same dye7/NiO sample was used for all the measurements, starting from pH 7 and followed
by decreasing pH of 5, 3 to 1. After each pH, the sample was washed and rinsed with the
next pH electrolyte.

5.2.2 UV‐visible spectroelectrochemistry for dye7/NiO in various pH
aqueous solutions
To further study the pH effect under illumination, UV‐visible spectroelectrochemistry was
utilised as the evidence combining with the cyclic voltammetry results for detecting the
energy levels shifting of dyes or the VB of NiO. Measurement of the absorption spectra of
dye7/NiO as a function of the oxidation potential was carried out by using a Zahner
Controlled Intensity Modulated Photo Spectroscopy system (CIMPS).
Voltammetry was performed between +400mV and ‐400mV in 0.1M Na2SO4 aqueous
electrolyte of various pH (1.0, 3.0, 5.0, and 7.0). The potential was referenced to Ag/AgCl
and spectra were acquired at 100 mV intervals. The pH was adjusted using H2SO4 and NaOH.
For pH 1, where a significant amount of H2SO4 was added, the Na2SO4 was carefully adjusted
to have total concentration of 0.1 M. The pH was measured using a pH meter. One
dye7/NiO photocathode was put in the Zahner cell with an illuminated area of 2.5 cm2. The
illumination was supplied by 10 mW/cm2 LED light source from a Zahner lamp system.

5.2.3 Preparation of different thicknesses NiO films on FTO
NiO film of different thicknesses was prepared by doctor blading following the same
procedure described in Section 2.3.3 of chapter 2. Three samples for each thickness, as
shown in Figure 5.2, were prepared. Utilising the profilometer, one sample for each
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thickness was picked out with the most uniform thickness of NiO film on FTO. The thickness
control was achieved by applying different layers of scotch tape with different diluted NiO
slurry paste.

Figure 5.2 Different thicknesses NiO films on FTO substrate prepared by doctor blading.
As shown in Figure 5.2, when the thickness of NiO film increased, the roughness of NiO film
also increased. The thickness was calculated based on an average from different testing
spots of NiO film.

5.2.4 Dye‐sensitised NiO/rGO composite film preparation
NiO/rGO composite was prepared by following the steps below:
1) Prepared water based slurry of NiO nanoparticles according to the same procedure
described in Section 2.3.3 of Chapter 2.
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2) Addition of NiO slurry into GO solution (3mg/ml) with weight ratio of NiO:GO =
1000:1. Sonication of slurry for 30 minutes and then centrifuged for 20 seconds at
2000rpm.
3) The slurry was performed onto the FTO by a doctor blading method using 1 layer of
scotch tape guides to control film thickness. The thickness was measured to be ~1.8
µm after sintering.
4) Sintered at 400 °C and 550 °C for 1hour separately in a tube furnace for thermal
reduction of GO/NiO to rGO/NiO with Ar protection.
5) After cooling down to 100 °C, the rGO/ NiO electrode was taken out and put into the
dye7 solution directly for sensitisation for four hours.

5.2.5 Chronoamperogram and IPCE measurement
The chronoamperogram measurement for photocurrent was carried out in 0.1M Na2SO4
solution (pH 7.0). The working electrode was poised at 0 V vs Ag/AgCl as reference, with Pt
as counter electrode in a Zahner cell or H‐cell. Visible light illumination was obtained from a
300W Xe lamp with λ>420 nm long‐pass filter. Ar gas was bubbled through for 1 hour to
saturate the aqueous electrolyte before each test. As Triton X100 was going to be used in
the electrolyte, which could affect the nafion film in the H‐cell, so the Zahner cell was
utilised instead for testing the photocurrent of dye7 in pH 7.0 0.1M Na2SO4 aqueous
electrolyte. Triton X100 was added by volume (0.1ml for 50 ml electrolyte).
The IPCE was measured in the H‐cell using a 300W Xe lamp (Newport) as light source. For
IPCE measurements, the wavelength of the incident light was controlled by a
monochromator (Newport). The working electrode was held at 0 V vs Ag/AgCl with Pt wire
in both Zahner cell and H‐cell as counter electrode. The dye‐sensitised NiO photocathode
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performance was investigated in 0.1M Na2SO4 aqueous solution with IPCE determined by an
applied potential of 0 V vs Ag/AgCl with pH variation. The pH was adjusted by NaOH and
H2SO4.

5.2.6 FESEM, Raman, TGA and XRD tests
The morphology was investigated using field‐emission scanning electron microscope (FESEM,
JEOL JSM7500FA). XRD measurements were performed on an Australia GBC Scientific X‐ray
diffractometer (Cu Kα radiation, λ=1.5418 A°) at a scan rate of 2°/min. The thermal
properties were characterised by TGA (Q500, TA instruments), and the measurements were
tested under nitrogen with a ramp rate of 5°C/min. Raman spectra were acquired using a
Raman JY HR 800 spectrometer (Jobin Yvon Horiba) by helping from our technical officer Dr.
Patricia Hayes.
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5.3 Results and discussion
5.3.1 PH influence
5.3.1.1 Cyclic voltammetry (CV) and UV‐visible spectroelectrochemistry
Cyclic voltammograms in aqueous electrolyte are affected by pH of the electrolyte, which
reflects upon the surface redox reactions. To investigate pH influence, CV measurements
were carried out by a 3‐electrode system using a Zahner cell with a 20 mV/s scan rate, with
Ag/AgCl as reference electrode, under illumination of white light (with λ>420 nm long‐pass
filter) from a 300W Xe lamp and in the dark for each pH electrolyte. The voltage axis has
been converted with respect to the relative hydrogen electrode (RHE) by using the following
equation.
V (vs RHE) = V (vs Ag/AgCl) + 0.209 V + 0.059 x pH

(Eq. 5.1)

As NiO is an electrochromic material, the application of a negative potential causes the NiO
film to become transparent. After a positive potential is applied, a black coloration of NiO is
observed. The coloration is due to formation of Ni (III) species.13 Therefore, these changes
could be observed through absorbance change using UV‐visible spectroelectrochemistry.
With dye7 was attached to NiO, different absorption spectra in the UV‐visible region from
420 nm to 800 nm in the different pH aqueous electrolyte were acquired and are shown
together with the CV under same pH respectively in the Figures listed below. The voltage
scan range in spectroelectrochemistry measurements was the same as the CV scan range.
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Figure 5.3 (a) shows the CV of dye7/NiO in pH1.0 aqueous electrolyte in the dark and light
illumination. The results were repeatable for cycles from +400 mV to –500 mV vs Ag/AgCl.
There is no oxidation peak of NiO observed within the voltage scan range.
In the cathodic scan, the dark current of dye7/NiO shows large increase at potentials
negative of 0 V vs RHE, whereas a sharp peak appears around ‐0.1 V vs RHE during the
anodic scan. These two results evidence the hydrogen generation on the working electrode
from the water reduction reaction. Compared with the RHE voltage in pH 1, hydrogen is
generated at potentials more negative than 0V vs RHE. The hydrogen molecules adsorb on
the working electrode surface. Therefore, in the anodic scan, a typical sharp peak for
hydrogen oxidation is observed at ‐0.1 V vs RHE. Under illumination of visible light (λ>420
nm), the CV curve shows a cathodic current shift, and the hydrogen oxidation is enhanced,
showing a larger peak compared to that of the dark CV. However, it is not certain whether
the hydrogen is coming from NiO or from FTO substrate. The cathodic photocurrent is
generated from the light harvesting of dye7/NiO.
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Figure 5.3 (a) CV of dye7/NiO in pH1 0.1M Na2SO4 aqueous electrolyte at a scan rate of 20
mV/s in dark (black) and in light illumination (red). (b) Potential dependent optical spectra of
dye7/NiO photocathode. The potential (from +400 mV to – 400 mV vs Ag/AgCl in steps of
100mV) was applied before recording the spectrum. The absorbance of the spectrum was
recorded from 420 nm to 800nm wavelength.
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Figure 5.3 (b) shows potential‐dependent optical spectra in the UV‐visible region of
dye7/NiO in pH 1 aqueous electrolyte. As the absorption spectra did not increase
dramatically in absorbance intensity with applied voltage, the spectral features of dye7/NiO
are independent of the voltage change vs Ag/AgCl or RHE. The broad peak at 500 nm, with
photo‐excitation onset starting from 650nm, belongs to dye7.
Figure 5.4 (a) shows the CV of dye7/NiO in pH3 aqueous electrolyte in the dark and light
illumination. The results are repeatable for cycles from +400 mV to –500 mV vs Ag/AgCl.
There is also no oxidation peak of NiO observed within the voltage scan range.
In the cathodic scan, the dark current of dye7/NiO shows large increase at potentials
negative of 0 V vs RHE. However, there is no sharp peak observed around ‐0.1 V vs RHE
during the anodic scan; different from the dark CV curve of pH1 in Figure 5.3 (a). Hydrogen
generation could not be confirmed, even at overpotentials beyond 0V vs RHE. Under
illumination of visible light (λ>420 nm), the CV curve has a cathodic current shift. The
cathodic photocurrent is generated from the light harvesting of dye7/NiO.
Figure 5.4 (b) shows nearly similar potential‐dependent optical spectra in the UV‐visible
region of dye7/NiO in pH 3 aqueous electrolyte as the pH 1 result of Figure 5.3 (b). The
absorption spectra did not increase in intensity with applied voltage either. So the spectral
features of dye7/NiO are independent of the voltage change. The broad peak at 500 nm,
with photo‐excitation onset starting from 650nm, belongs to dye7.
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Figure 5.4 (a) CV of dye7/NiO in pH 3 0.1M Na2SO4 aqueous electrolyte at a scan rate of 20
mV/s in dark (black) and in light illumination (red). (b) Potential dependent optical spectra of
dye7/NiO photocathode. The potential (from +400 mV to – 400 mV vs Ag/AgCl in steps of
100mV) was applied before recording the spectrum. The absorbance of the spectrum was
recorded from 420 nm to 800 nm wavelength.
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Figure 5.5 (a) CV of dye7/NiO in pH 5 0.1M Na2SO4 aqueous electrolyte at a scan rate of 20
mV/s in dark (black) and in light illumination (red). (b) Potential dependent optical spectra of
dye7/NiO photocathode. The potential (from +400 mV to – 400 mV vs Ag/AgCl in steps of
100mV) was applied before recording the spectrum. The absorbance of the spectrum was
recorded from 420 nm to 800 nm wavelength.
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Figure 5.5 (a) shows the CV of dye7/NiO in pH 5 aqueous electrolyte in the dark and light
illumination. The results are repeatable for cycles from +400 mV to –500 mV vs Ag/AgCl.
The onset of oxidation peak from NiO appears at 200 mV vs Ag/AgCl both in the dark and in
the light CV curves. This oxidation is due to the Ni (II) being oxidised to Ni(III). Under
illumination of visible light (λ>420 nm), the CV curve has a cathodic current shift, which is
generated from the light harvesting of dye7/NiO.
Figure 5.5 (b) shows potential dependent optical spectra in the UV‐visible region of
dye7/NiO in pH 5.0 aqueous electrolyte. Different from pH 1.0 and pH 3.0, the absorption
spectra of pH 5 increase gradually in intensity with applied voltage. The spectral features of
dye7/NiO are dependent on the voltage change. The peak position and onset of dye7
absorption did not change with the voltage applied.
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Figure 5.6 (a) CV of dye7/NiO in pH7 0.1M Na2SO4 aqueous electrolyte at a scan rate of 20
mV/s in dark (black) and in light illumination (red). (b) Potential dependent optical spectra of
dye7/NiO photocathode. The potential (from +400 mV to – 400 mV vs Ag/AgCl in steps of
100mV) was applied before recording the spectrum. The absorbance of the spectrum was
recorded from 420 nm to 800nm wavelength.
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Figure 5.6 (a) shows the CV of dye7/NiO in pH 7 aqueous electrolyte in the dark and light
illumination. The results are repeatable for cycles from +400 mV to –500 mV vs Ag/AgCl.
A half‐oxidation peak of NiO in the anodic scan is observed at 300 mV with onset at 200 mV
vs Ag/AgCl both in the dark and in the light CV curves. This oxidation peak is due to the Ni (II)
being oxidised to Ni (III). There is also a reduction peak in the cathodic scan that is centred
at 250 mV, which is due to Ni (III) being reduced to Ni (II). Under illumination of visible light
(λ>420 nm), the CV curve has a cathodic current shift, which is generated from the light
harvesting of dye7/NiO.
Figure 5.6 (b) shows potential‐dependent optical spectra in the UV‐visible region of
dye7/NiO in pH 7 aqueous electrolyte. As the same as for the pH 5 result, the absorption
spectra of pH 7 increase gradually in intensity with applied voltage. Moreover, the
absorbance of NiO in the range of 600nm to 800nm is greater than that corresponding to pH
5.0. The spectral features of dye7/NiO are dependent on the voltage change. The peak
position and onset of dye7 absorption did not change with voltage applied.
From the CV and optical spectra of dye7/NiO, the following conclusions can be made:
1) With increasing pH, an oxidation/reduction peak starts to appear. NiO is the first to
be oxidised especially from pH 5.0 to pH 7.0, especially from 0 to 0.3 V vs Ag/AgCl at
pH 7.
2) The absorption changes are consistent with the oxidation/reduction peak from NiO,
due to oxidation/reduction of the Ni (II)/Ni (III). The change in absorption of
dye7/NiO with applied voltage is mainly due to NiO.
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3) The absorption of dye7 during the process did not change like the peak position with
onset of photo‐excitation.

Figure 5.7 Rearrangement vs RHE of dark CV results for the four pH electrolyte.
The new plot (Figure 5.7) shows a rearrangement of the dark CV curves from each pH result.
The onset potential of oxidation of NiO is roughly the same as the potential at the top of the
valance band of NiO. Thus the estimated valence band edge is 0.2 V vs Ag/AgCl (pH 7) or 0.7
V vs RHE. This is in good agreement with literature data published by Boschloo et al.13
According to their results, the surface oxidation of the NiO in aqueous electrolyte appears to
be coupled with desorption of protons, which results the Nernstian pH dependence.
Changing the pH of the electrolyte results in a shift of the peaks in the CV, the overall
appearance of the CV is not affected. As the oxidation occurs, the conductivity of the
working electrode is increased, which means that p‐type doping of NiO with Ni (III) occurs
with absorbance increased.
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5.3.1.2 PH effects on spectroelectrochemical spectrum under constant
potential
To demonstrate the pH effects on spectroelectrochemical spectrum more specifically, Figure
5.8 – Figure 5.10 show the absorbance of dye7/NiO with fixed potentials (0.2V, 0V, and ‐
0.2V) vs Ag/AgCl. At 0.2 V vs Ag/AgCl (Figure 5.8), the light absorbance between 550 nm and
800 nm range has been increased with pH shifting from pH 1 to pH 7. In this range, the
absorbance is not attributed to the dye absorption. From 420 nm to 550 nm, the
absorbance corresponds to the dye7 absorption. The dye absorption peaks and absorbance
is not obviously changed.

Figure 5.8 Absorbance acquired at fixed potential 0.2 V vs Ag/AgCl with variation in pH.
This analysis also applies to Figure 5.9 and Figure 5.10. The absorbance at pH 5 and pH 7 is
increased dramatically compared with pH 1 and pH 3. The pH influence to dye7/NiO is
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actually a surface doping process with absorption and conductivity changes due to the NiO.
During the pH variation, dye absorbance did not show obvious change.
As discussion above, the absorbance change in the range between 550 nm and 800 nm
contributes to the surface oxidation of NiO changed dramatically when pH was increased
from 1.0 to 7.0. The surface desorption of protons at adjacent surface oxygen sites results in
the Nernstian pH dependence. The pH dependence is in agreement with electrochemical
data reported for nanostructured NiO published by Boschloo et al.13 According to their
results, the first redox reaction potential (vs Ag/AgCl) of NiO is changed with pH by the
Equation listed below:

E (V vs Ag/AgCl) = 0.734 – 0.0612 × pH

(Eq. 5.3)

The first redox reaction of NiO is oxidation of Ni(II) at the surface to Ni (III), which energy
level is different from the VB of NiO. However, when the pH is increased from 1 to 7, the VB
level of NiO is actually following the same relationship by the Nernstian response (‐59
mV/pH).
According to Chapter 4 (page 177), Figure 4.8 shows the comparison of 2 dyes energy levels
with VB of NiO in pH 1 aqueous electrolyte. We can note that when pH is shifted from 1 to 7
the VB of NiO is actually shifted upward from – 5.0 eV. Besides the dye7 cannot be
protonated. First, dye7 is not soluble in water. Second, dye7 is very stable and protect NiO
surface. Third, dye7 is a relatively big molecule organic dye. So we think the HOMO of dye7
is probably not changed with pH. Furthermore, according to the absorption results the band
gap of dye7 is also not changed in different pH aqueous electrolyte. We can say the LUMO
of dye7 is not changed by pH as well. Combining the two conclusions of pH effects on NiO
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and dye7, we can say the hole injection driving force is actually increased when pH shifts
from 1 to 7.

Figure 5.9 Absorbance acquired at fixed potential 0 V vs Ag/AgCl with variation in pH.
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Figure 5.10 Absorbance acquired at fixed potential ‐0.2 V vs Ag/AgCl with variation in pH.

5.3.1.3 IPCE comparison for dye7/NiO in Zahner cell and H‐cell with different
pH electrolyte
The Zahner cell is suitable for three‐electrode electrochemistry system testing and easy to
be integrated into the Zahner electrochemical potential system for UV‐visible
spectroelectrochemistry. The comparisons of CV and UV‐visible spectroelectrochemistry at
different potentials employed the Zahner cell as above. The advantages of utilising the
Zahner cell as shown in Figure 5.11 are listed below:
1. Fixed position for reference electrode so the distance between working electrode
and reference electrode is fixed.
2. Fixed working electrode illumination area and fixed distance between working
electrode and counter electrode.
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3. Liquid Inlet/Outlet design for easy electrolyte filling, changing and flowing through.
4. Comparing with the H‐cell, the Zahner cell is easier to assemble for testing the
photoelectrochemical performance.
For running the three‐electrode system experiments in the Zahner cell, an in‐house built
stirring engine to drive a small stirring bar inside the cell from the back side of the Zahner
cell was designed. The front side has the working electrode facing light illumination. Incident
photon converted electron efficiency (IPCE) was tested by measuring chronoamperograms
(at 0 V versus Ag/AgCl) of the samples and tuning the wavelength manually of the
illuminating light.

Figure 5.11 Photograph of stirring engine (Left) and Zahner cell (Right).
In Figure 5.12, IPCE measurement performed using the Zahner cell with pH 7.0 of Na2SO4
(0.1 M) aqueous electrolyte was calculated from the photocurrent detected in a three‐
electrode system under 0 V vs Ag/AgCl. In Figure 5.13, IPCE measurement in H‐cell with
different pH of Na2SO4 (0.1 M) electrolyte was calculated from the photocurrent detected in
a three‐electrode system under 0 V vs Ag/AgCl in pH 7, 5, 3, and 1 Na2SO4 solution (0.1 M).
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Due to the presence of air, the photocurrent detected in the Zahner cell is more than ten
times the value of the photocurrent detected in the H‐cell. After calculation, the IPCE in the
Zahner cell also showed a different shape from the IPCE obtained in the H‐cell. The increase
of photocurrent and IPCE is because of the interference from the air, which did not generate
appropriate amounts of H2 as products. We think this increase of photocurrent is probably
coming from the oxygen reduction. Furthermore, the IPCE results from both cells showed
photocurrent responses from 675 nm to 750 nm. This could be the spectra bandwidth was
too high from the light source.
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Figure 5.12 Photocurrent (Top) and IPCE (Bottom) of dye7/NiO photocathode in pH 7.0 0.1
M Na2SO4 solution tested in a Zahner Cell for photoelectrochemical performance under
illumination with wavelength range of 350nm to 800nm, at 25nm intervals.

229

Figure 5.13 Original photocurrent (Top) and IPCE (Bottom) of dye7/NiO photocathode in
different pH 7.0, 5.0, 3.0 and 1.0 0.1 M Na2SO4 solutions. All measurements were tested in
an H‐cell under illumination with wavelengths from 350nm to 800nm, at 25nm intervals.
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Figure 5.13 shows a series of IPCE results tested in the H‐cell, which has Ar flow as carrier
and protecting gas. These results are fully reflecting PEC photocurrent without air in the
electrolyte. The pH dependence gives the same conclusion as the spectroelectrochemistry
test results. When pH is changed from 1.0 to 7.0, the surface of NiO shows surface
desorption of protons at adjacent surface oxygen sites, which can increase the conductivity
of the film. If the conductivity of hole transfer in NiO film is improved, the IPCE and
photocurrent could be improved consequently.

5.3.2 Optimisation of NiO thickness
To optimise the performance of dye7/NiO photocathode performance, the photocurrent
generated from different thicknesses of NiO (1.0 µm, 1.5 µm, 2.5 µm, and 4.5um) was
obtained in a 3‐electrode system in the Zahner cell, with potential of 0 V vs Ag/AgCl. The
samples’ thicknesses are shown in Figure 5.2.
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Figure 5.14 Chronoamperogram of different thickness NiO films of 1.0 µm, 1.5 µm, 2.5 µm
and 4.5 µm, in 0.1M Na2SO4 solution (pH 7.0). Working electrode was at 0 V vs Ag/AgCl as
reference, with Pt as counter electrode in a Zahner cell. The illumination area is 2.5 cm2
under the same intensity of white light (with λ>420 nm long‐pass filter) from a 300W Xe
lamp. Ar was introduced to saturate the aqueous electrolyte for 1 hour before each test.
Figure 5.14 shows that the photocurrent performance is increased with increasing thickness
of NiO film from 1.0 µm, 1.5 µm to the best one of 2.5 µm. The performance of 4.5µm NiO is
actually decreased. The best thickness for dye7/NiO photocathode is 2.5 µm.

5.3.3 Optimisation of surface wetting of dye7/NiO
Another possible optimisation method is based on the water contact angle test of dye7/NiO.
Before dye sensitisation, the surface of NiO film was hydrophilic, with 0° contact angle of a
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drop of water. After dye sensitisation, the contact angle of a drop of water became 97 ± 5°,
which is more hydrophobic than NiO.
The wetting property of nanostructured NiO surface determines the efficiency of pore filling
with aqueous electrolyte. As observed, the gas adsorbs on the surface of dye7/NiO forming
bubbles. The better wetting of the dye7/NiO surface could be achieved by using a surfactant
(Triton X100) in aqueous electrolyte, which has been applied in water based DSSC published
by Daeneke et al.24
We applied chronoamperometry in the determination of photocurrent of dye7/NiO to
analyse the influence of Triton X100. Figure 5.15 shows the photocurrent of dye7/NiO in
different electrolytes with and without Triton X100. As the Triton X100 cannot easily be
washed away, one sample of dye7/NiO without Triton in the pH 7.0 0.1M Na2SO4 aqueous
electrolyte was initially tested. Then after finishing the test, the Zahner cell was filled with
the solution containingTriton in the pH 7.0 Na2SO4 (0.1M) electrolyte. The pH 7 was adjusted
by H2SO4 and NaOH.
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Figure 5.15 Chronoamperogram of dye7/NiO photocathode in 0.1M Na2SO4 solution (pH
7.0) with Triton X100 (black) and without Triton X100 (red). Working electrode is under the
voltage of 0 V vs Ag/AgCl as reference, with Pt as counter electrode in a Zahner cell. The
illumination area is 2.5 cm2 under the same intensity of white light (with λ>420 nm long‐
pass filter) from a 300W Xe lamp. Ar was introduced to saturate the aqueous electrolyte for
1 hour before each test.
We could see the surface wetting property was really improved by adding Triton. After
water drops on the Triton modified surface of dye/NiO, it spreads quickly and covers all the
area of dye/NiO surface with Triton. However, from Figure 5.15, the photocurrent density
from the electrolyte without Triton X100 is higher than from the Triton electrolyte. The
reason for the decrease of photocurrent after adding Triton in the electrolyte could be due
to the Triton molecule actually blocking the interface between dye/NiO and aqueous
electrolyte.
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5.3.4 rGO/NiO based dye‐sensitised photocathode
The rGO/NiO film was prepared by a simple method in this Chapter. We used GO solution to
mix with NiO paste prepared for doctor blading paste. Then, GO/NiO was deposited on FTO
for making a composite film. GO reduction reaction was achieved by a thermal reduction
process. Figure 5.16 shows the TGA curves of NiO, GO and GO/NiO.

Figure 5.16 Thermogravimetric Analysis (TGA) results of NiO, GO and GO/NiO provides
temperature dependence proof of the reduction of GO under Ar protection gas. The
temperature ramp rate was 5 °C/ min.
The black curve of pure NiO sample, in Figure 5.16, did not show substantial weight loss. The
weight loss is less than 10 % which could be attributed to the absorbed water emission
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during the heating process. The blue curve shows the pure graphene oxide (GO) TGA result.
The weight loss below 100 °C can be attributed to the evaporation of the absorbed water in
the hydrophilic unmodified GO, which is a substantial loss of approximately 5% in this
temperature range. The major weight loss of the pure GO occurs around 150 °C, which may
be caused by pyrolysis of oxygen‐containing groups from the GO surface.25 In the
temperature range of 100‐200 °C, the decomposition of oxygen‐containing groups on GO is
the major weight loss of 20 %. The weight loss in the temperature range between 200 °C
and 600 °C is about 10 %, which is probably due to the decomposition of some residual
oxygen‐containing groups.26 The total weight loss for GO before 600 °C is 40 %. After 600 °C,
decomposition occurs for some small sizes of GO. The red curve shows the TGA of GO: NiO =
1:1 (weight ratio) composite. Before 200 °C, the TGA has a similar trend to GO. After 200 °C,
there is a 20 % weight loss starting from 450 °C. However, in the blue curve of GO TGA,
between 200 and 600 °C, GO did not show so substantial a weight loss. There is one possible
explanation based on the chemical reaction shown in Equation 5.3.

NiO + Carbon

Ni + CO

at T = 420

(Eq. 5.3)
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Figure 5.17 Photographs of GO/NiO on FTO after sintering from 300 °C to 400 ºC (Left) and
rGO/NiO on FTO after sintering from 450 °C to 550 ºC (Right) with Ar as protection gas.
These samples were prepared on a hot plate in a glove box. The same sample at different
temperature could show different color and transparence.
In Figure 5.17, the left picture shows GO/NiO film on FTO after sintering from 300 °C to
400 °C. The film shows yellow colour with transparency. The color and transparency
changed (Right picture) after sintering from 450 °C to 550 °C, indicating rGO formation in
the film. Sintering under different temperatures can make GO partially reduced into rGO
under Argon gas protection. This experimental result, coupled with the TGA result, could
shed light on the perfect temperature for thermal reduction of GO/NiO film. The
temperature we chose for rGO/NiO sintering is 550 °C, which follows the same condition as
the optimal preparation condition for NiO film. The sintering period lasted for 1 hour for GO
reduction. To confirm that 1 hour was enough for GO reduction reactions, Raman spectra
was employed and are shown below.
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Figure 5.18 Raman spectra of NiO (Black), GO/NiO (Red) and rGO/NiO (Blue) after sintering
at 550 °C for 1 hour.
The Raman spectra of NiO, GO/NiO and rGO/NiO are shown in Figure 5.18. The GO/NiO and
rGO/NiO from red and blue curves all display a typical G band (1590 cm‐1) and D band (1334
cm‐1), corresponding to the first order scattering of the E2g mode (G band) and disordered
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structures (D band), respectively.27 The D/G ratio from the red curve is 1.27 for GO/NiO.
After sintering GO/NiO composite at 550 °C in Ar gas, the D/G ratio from the blue curve
becomes 1.07, and is very stable, over an extended length of time. So, it was concluded that
the 1 hour sintering time is enough. The best experiment to show GO reduction reactions is
X‐ray photoelectron spectroscopy (XPS), which can afford the carbon to oxygen ratio.
However, with the oxygen from NiO in the composite, this method cannot be employed.

Figure 5.19 X‐ray diffraction (XRD) spectra of the NiO and GO/NiO after sintering at 550 °C.
The powder XRD pattern of NiO and GO/NiO are shown in Figure 5.19, which is in
accordance with the standard spectrum. The XRD patterns show that the NiO particles are
single FCC phase in both pure NiO powder and GO/NiO composite, indicating the crystal
structure of NiO is not affected by the incorporation of graphene sheets.
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The chronoamperometry experiment for dye‐sensitised rGO/NiO photocathode was carried
out in a 3‐electrode system in a Zahner cell with Na2SO4 (0.1M) aqueous solution. Dye‐
sensitised rGO/NiO was the working electrode. Pt and Ag/AgCl were the counter and
reference electrodes respectively. The pH was adjusted to be 7.0 and an external potential
of 0 V vs Ag/AgCl was applied. The results are shown in Figure 5.20. At this juncture, the
Zahner cell was used to show photocurrent potential before the real test in an H‐cell; as it is
easier to compare PEC performance without the identification of products.
In Figure 5.20, the result shows PEC performance under visible light (>420nm) and
monochromatic light illumination. The significant improvement is in the photocurrent shape
as compared with the NiO/dye7 PEC performance shown in Figure 5.12. First, dark current is
stable. Second, with the light switching on/off, the photocurrent is changing quite rapidly
without any delay. Third, the visible light response matches with the dye absorption, since
rGO cannot generate those signals.
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Figure 5.20 Chronoamperogram of rGO/NiO films in pH 7.0 Na2SO4 electrolyte (0.1M).
Working electrode was under an applied voltage of 0 V vs Ag/AgCl as reference, with Pt as
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counter electrode in a Zahner cell. The illumination area was 2.5 cm2. White light source was
from a 300W Xe lamp with λ>420 nm long‐pass filter and monochromatic light was
controlled from 350 nm to 700 nm at 25 nm intervals.
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Figure 5.21 SEM images showing the nanostructure of GO/NiO film on FTO prepared by
doctor blading. (a) Sintering for 10 minutes at 550 °C, (b) sintering for 1 h at 550 °C with Ar
gas protection.
The photocurrent tested in Figure 5.20 is actually smaller than the photocurrent tested in
Figure 5.12 with the same pH electrolyte in the Zahner cell. The morphology was
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investigated using FESEM as shown in Figure 5.21. The sintering time has influenced the
surface area of NiO. If the sintering time was controlled to be less than 15 min at 550 °C, NiO
nanoparticles could retain their 20 nm size and also form a nanoporous film by connecting
each nanoparticle. After 1 hour sintering process at 550 °C, NiO nanoparticles film shown in
(b) were losing surface area and changed into a bulky film without nanoporous structure.
The small surface area can decrease the dye loading as well. These two reasons are why the
photocurrent or PEC performance of rGO/NiO in the Zahner cell cannot be improved.
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5.4 Conclusion
One focused and important issue in this Chapter is to optimise the NiO film for improving
efficiency of NiO based p‐type photocathode driven water splitting reaction. The Zahner cell
can be utilised to study the mechanism for PEC performance without products identification.
Different pH adjusted 0.1 M Na2SO4 electrolytes were employed to test cyclic
voltammograms

and

spectroelectrochemistry

of

dye7/NiO

photoelectrochemical

performance. Dye7/NiO shows Nernstian pH dependence, and the best IPCE in different pH
electrolytes is achieved at pH 7.0.
Three approaches were used to improve the NiO based p‐type photocathode performance
for water splitting. By changing thickness of NiO, the best performance of dye7/NiO is
demonstrated to be 2.5 µm. By adding additional surfactant Triton X100, the performance
of dye7/NiO is actually decreased as the surfactant may be blocking the surface of the
photocathode contacting with water. By making rGO/NiO composite to improve charge
transfer in the NiO layer, TGA, Raman and XRD were used to characterise the composite film
properties. The sintering temperature was optimised from Raman and TGA, with discovering
of an interesting possibility of NiO reduction from GO at 450 °C. Improvement in
photocurrent and dark current has been shown, but the photoelectrochemical performance
is actually decreased after rGO is integrated into NiO. By study using FESEM, the
morphology of NiO film was affected in that the surface area decreased with increase in the
sintering period at 550 °C. The dye loading could also be affected, so that the photocurrent
cannot compete with that of dye7/NiO in the same pH 7.0 electrolyte.
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Chapter
6 Unassisted water splitting using a tandem
PEC cell
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6.1 Introduction
In previous Chapters 3 and 4, “sensitisation” approach of dye‐sensitised NiO was studied for
PEC water splitting, and the mechanism study for performance optimisation was in Chapter
5. In this chapter, the tandem approach is considered, which could accumulate sufficient
chemical potential for water splitting with semiconductor based photoelectrodes. The dye‐
sensitised NiO photocathodes utilising the two organic dyes were employed here as
photocathode in the tandem cell for unassisted PEC water splitting. This chapter is based on
our publication.1
The tandem configuration cell can absorb a large proportion of the solar spectrum. The
challenge for developing a tandem configuration photoelectrochemical cell comes from
finding a suitable photocathode and photoanode. Lindquist with co‐workers first published
a tandem DSSC consisting of a N3/TiO2 as photoanode and an erythrosin B/NiO as
photocathode. Although the photovoltage was higher than those of the individual cells, the
photocurrent was decreased compared to the N3/TiO2 based cell alone.2 The photocurrent
from the NiO based photocathode was quite low and could not match with the TiO2 based
photoanode, which limits the overall conversion efficiency for this tandem p‐n DSSC. The
development of p‐n DSSC with high efficiency depends on the development of new suitable
dyes for the photocathode.
As reviewed in Chapter 1, most n‐type behavior semiconductors can drive water oxidation
reactions. The important criteria for a suitable photoanode, which could be a semiconductor
or a dye‐sensitised semiconductor, are listed below.
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1) Potential: The photoanode in aqueous media should provide a sufficiently high
oxidation potential to oxidise water for oxygen generation.
2) Conduction band (CB): For the dye‐sensitised semiconductor based photoanode, the
semiconductor CB should be suitably tuned for electron injection at the same
potential as the reduction potential of the photoexcited dye, ~ 0.3 eV lower, as
shown in Chapter 2.
3) Electron transfer: Availability of electron accepting sites for efficient electron
transfer is important.3
4) Visible light absorption: The photoanode should harvest light at different
wavelengths in the visible light spectrum range compared to the photocathode.
Complementary light absorption by the anode and the cathode is preferred.
5) Stability: For aqueous stability, the photoanode should be stable against the
oxidative chemical environment during oxygen generation. For long term photo‐
stability, the photoanode should be stable against photo‐corrosion under
illumination.
6) Performance matching with the photocathode: Figure 1.15 in Chapter 1 shows that
the photocurrent from the photocathode should have an overlap under the same
voltage with the photocurrent from the photoanode.
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Figure 6.1 Scheme for the electron‐transfer processes occurring in a tandem configuration
PEC driven solar water splitting cell; consisting of a dye‐sensitised NiO photocathode and
BiVO4 photoanode in pH 1 aqueous solution. (HER: hydrogen evolution reaction; OER:
oxygen evolution reaction)
The photocathode which was demonstrated and developed in Chapter 4 could be combined
with a photoanode to fabricate an unassisted tandem PEC water splitting cell, with energy
only required from visible light. The tandem PEC cell configuration composed of two photo‐
active electrodes, a p‐type dye‐sensitised photocathode and a photoanode, both of which
absorb visible light illumination to drive water reduction and oxidation reactions.
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A scheme of the tandem configuration PEC cell based on dye/NiO as photocathode and
BiVO4 as photoanode, with the approximate energy levels of each component, is shown in
Figure 6.1. The tandem cell consists of one photoanode and one photocathode in a side‐by‐
side configuration with an aqueous electrolyte between them.
The aim of this chapter is to report on the development and study of tandem PEC water
splitting cells based on organic dye6/NiO and dye7/NiO photocathodes with BiVO4
photoanode. This system can accumulate sufficient chemical potential for water splitting
with semiconductor based materials that can also absorb a large fraction of the solar
spectrum; by connecting photoactive anode and photoactive cathode together. The
“sensitisation” approach is also combined here with the tandem approach, which shows a
huge potential for utilising more semiconductor material in tandem configuration cells after
sensitisation with organic dyes.
To tune the photocurrent for matching between photoanode and photocathode in the
tandem PEC water splitting cell, the effect of pH on the photocurrent generated by these
cells will be investigated. Finally, hydrogen generation with faradaic efficiency calculation
are determined by gas chromatography (GC).
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6.2 Experimental
6.2.1 P‐type dye‐sensitised NiO film preparation
NiO films were produced, with an active area of 3 cm2 on FTO glass and dye‐sensitised for 4
hours with dye6 and dye7 following the same preparation route in Chapter 4.

6.2.2 BiVO4 photoanode preparation
BiVO4 has been selected for the photoanode due to its visible response up to λ= 500 nm,
high stability in neutral pH and a relatively large underpotential for water oxidation.4 BiVO4
powder preparation was according to the same route published by Iwase et al. from a
liquid‐solid state reaction utilising 2.3 g of Bi2O3 (Fluka; 98.0%) and 0.9 g of V2O5 (Aldrich;
99.6%). The mixture was vigorously stirred in 50 mL of 1.0 M acetic acid (aq.) at room
temperature for 11 days. The obtained BiVO4 powder was washed with DI water to remove
residual acetic acid. The particle size of the BiVO4 was determined to be around 100‐200nm.
A BiVO4 doctor blading paste was produced and applied to an FTO substrate in a manner
similar to the aforementioned NiO paste and electrode. The BiVO4 electrode on FTO glass
was sintered at 673 °K for 5 hours.

6.2.3 CV and Chronoamperogram measurement of tandem PEC cell
A tandem PEC cell consisting of dye/NiO and BiVO4 was connected in a side‐by‐side
configuration of working half‐cell and counter electrodes half‐cell divided by a Nafion 117
membrane. The two components were assembled and clipped together by an air‐tight clip.
The full H‐cell contained aqueous electrolyte in both compartments.
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The CV and chronoamperogram measurements were run in a 2‐electrode system, where
working electrode cable was connected to the photocathode while the counter electrode
and reference electrode cables were connected to the photoanode. Light sources were from
two 300W Xe lamp illuminating both components of the H‐cell. The samples of photoanode
and photocathode were faced to the light illumination direction.
Figure 6.2 shows the tandem configuration PEC cell by constructed by connecting the dye‐
sensitised NiO with BiVO4 in a H‐cell side‐by‐side structure.

Figure 6.2 Dye‐sensitised NiO photocathode and BiVO4 photoanode connected in tandem
configuration in a H‐cell with nafion film dividing the two sample compartments.
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6.3 Results and discussion
6.3.1 PMI‐2T‐TPA (dye6) /NiO based tandem PEC cell for unassisted
solar‐driven water splitting
6.3.1.1 PH optimisation for PMI‐2T‐TPA (dye6) /NiO and BiVO4 tandem PEC
cell
The tandem configuration cell was composed of the dye6/NiO photocathode and BiVO4
photoanode immersed in an aqueous electrolyte capable of facilitating water splitting
reactions. The photocathode and photoanode were separated from each other in the two
components of the H‐cell and facing the same direction for light illumination.
The pH of the electrolyte is a critical factor in the performance of semiconductor based solar
driven water splitting as shown in Chapter 5. Therefore, the effect of varying the pH of the
electrolyte was to optimise the performance of the tandem configuration cell composed of
dye6/NiO and BiVO4.
Firstly, we present the pH effect for improving the tandem cell performances. Monitoring of
the photocurrent change can identify the best pH for running the tandem PEC cell. The
photocurrent of the chronoamperogram was determined at different pHs (from 5.0 to pH
9.0) in a 2‐electrode system under no bias potential.
Secondly, according to a previous study,5 the series connection of photoanodes and
photocathodes in tandem pn‐DSSC implies that the resulting photocurrent will be governed
by the weakest photoelectrode, while the photovoltages are additive. This is also a critical
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issue for materials used in a tandem PEC solar driven water splitting cell that faces the same
problem. As discussed above, the photocurrent from both photoanode and photocathode
should match each other at the same potential under illumination. Here, the photocurrent
matching was achieved through adjustment of the aqueous electrolyte pH. Two
photoelectrodes were immersed into the same pH 0.1M Na2SO4 aqueous electrolyte. Whilst
changing the pH of both sides, the photocurrent from the tandem configuration PEC water
splitting cell was tested, as shown in Figure 6.3.

Figure 6.3 Photocurrent of chronoamperogram obtained with dye6/NiO as the working
electrode, BiVO4 as counter electrode in 0.1M Na2SO4 aqueous solution. The pH was varied
by using H2SO4 and NaOH. Bias potential was 0V. Illumination on both electrodes at the
same time, turn on or turn off. The interval was 30s. Ar saturated the aqueous electrolyte
for 1 hour before running the test.
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Figure 6.3 demonstrates the pH influence on the photocurrent generated from dye6/NiO
connected with BiVO4 in a tandem PEC cell. The pHs of the electrolyte in both components
of the H‐cell were each adjusted to the same value to as each other; from pH 5.0 to pH 9.0.
The light was illuminated on both sides of the H‐cell, so that the photocurrent was
generated. If the light was only illuminated on the one side, the photocurrent could not be
generated. From the comparison of the values of the photocurrent, the best pH for the
aqueous electrolyte used in the cell to afford optimal performance is 7.0.
The best result was obtained from pH 7.0 aqueous electrolyte because the photocurrent
from the photocathode and photoanode can match with each other without limiting each
other as the pH shifted.

6.3.1.2 CV and chronoamperogram measurements of tandem PEC cell in pH
7.0
Furthermore, this tandem PEC water splitting cell should be working without any applied
bias, such that the photocathode and photoanode both maintain their high activity when
connected in series. The CV of the tandem PEC cell tested in the best pH (7.0) aqueous
electrolyte derived from results above is shown below in Figure 6.4.
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Figure 6.4 CV of tandem PEC cell in pH 7.0 (the best pH condition) 0.1M Na2SO4 aqueous
electrolyte at a scan rate of 4mV/s. A 2‐electrode system was applied with dye6/NiO
working electrode; and BiVO4 counter/reference electrode. Ar saturated the aqueous
electrolyte for 1 hour before running the test.
Figure 6.4 presents the CV of the tandem PEC cell in dark (black), light (red) and chopping
light (blue) illumination conditions. The bias voltage is between the photocathode of
dye6/NiO and photoanode of BiVO4. From the red and blue curves, the photocurrent is
increasing by decreasing the bias voltage to the negative direction. There is a merging point
of black and red curves around 0.5V, which is the onset point for tandem PEC cell changing
its photoelectrochemical behavior to inverse. Before the bias potential increasing to 0.5V,
the photocathode generated cathodic photocurrent with photoanode generating anodic
photocurrent. When the bias potential is higher than 0.5 V, the photocathode begins to
generate anodic photocurrent with photoanode generating cathodic photocurrent.
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The voltage position of this onset point is important, as it will determine whether this
tandem PEC water splitting cell functioning or not. If the onset point is at 0V of the bias
voltage, it means that unassisted solar driven water splitting cannot be achieved. Bias
potential must be applied for running the tandem PEC cell. If the onset point is at negative
bias voltage range, it means the photocathode and photoanode should be inversed to run
water splitting. This onset bias voltage is actually Voc (Open circuit voltage), which should be
bigger than the theoretical water splitting voltage of 1.23V. In our case, the relatively lower
voltage is decreased from the band bending and charge recombination.
The cell was run for more than 10 hours and the chronoamperogram is shown in Figure 6.5.
The electrolyte was Na2SO4 (0.1M), under 0V bias potential with pH 7.0 adjusted for both
sides of the tandem cell. The tandem cell was illuminated onto both electrodes. The results
show that the photocurrent density decreases at first, then increases from 0.4 µA/cm2 to
stabilize at 2.6 µA/cm2.
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Figure 6.5 Chronoamperogram for 10 hours of tandem PEC cell under illumination on
dye6/NiO as photocathode and BiVO4 as photoanode in 0.1M Na2SO4 aqueous electrolyte
(pH = 7.0 adjusted by NaOH). A 2‐electrode system was applied with dye6/NiO working
electrode; and BiVO4 counter/reference electrode. The bias potential between the
photoanode and photocathode was 0V. Ar saturated the aqueous electrolyte for 1 hour
before running the test.
As the photocurrent density of the tandem PEC cell under illumination is low, the gas
collection in the H‐cell method was applied to test the hydrogen generation by help of a
syringe injecting gas, sampled from H‐cell, into the GC for testing. The GC result of GC is
shown in Figure 6.6.
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Figure 6.6 GC result for tandem cell operating for 10 hours.
There are two peaks shown in Figure 6.6. The peak at 3.515 (red arrow) is the hydrogen
signal from GC with a peak area of 2873. From the calibration curve of GC, 0.153 µmol H2 is
generated in the H‐cell in 10 hours. The GC signal only shows the volume of H2 in the syringe.
By subtracting the volume of electrolyte from the volume of the H‐cell, it is possible to
determine the volume of the head space in the H‐cell photocathode compartment where
the H2 gas was collected. There must be some H2 dissolved in the aqueous electrolyte which
cannot be determined by this calculation route.
The charge generated by the photocurrent is 89.4 mC from the integration of the
photocurrent with time in Figure 6.5. The faradaic efficiency for water splitting is calculated
from charges for hydrogen generation divided by charges from the photocurrent. So the
faradaic efficiency is 33%, which is much lower than 100%. The reason is due to the gas
collection method with syringe injection into the GC that could lead to H2 leaking.
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6.3.2 PMI‐6T‐TPA (dye7) /NiO based tandem PEC cells for unassisted
solar driven water splitting
As discussed in Chapter 4, the dye structure can largely influence the photoelectrochemical
behavior for water splitting. This work up to this stage has demonstrated that NiO based p‐
type dye‐sensitised water reduction and tandem PEC unassisted water splitting can be
achieved. In order to improve the performance of these systems, dye7 was used here as
photocathode to study the dye structure influence on the performance of tandem PEC
water splitting cell in aqueous electrolyte.

6.3.2.1 CV and UV‐visible spectra measurement
Cyclic voltammetry of BiVO4 and dye7/NiO individually was performed in a 3‐electrode
system to study their current matching under the same conditions. Figure 6.7 shows the CVs
of BiVO4 and dye7/NiO photocathode measured independently under the same conditions
and using a 3‐electrode system in a H‐cell. The electrolyte is the same pH of 7.0 0.1M
Na2SO4 aqueous electrolyte. The light was periodically shuttered while the potential was
scanned at a rate of 4 mV/s. As indicated in the Figure 6.7, there is a relatively wide
potential window (from ‐0.1 V to 0.2 V vs Ag/AgCl), where both photocathode and
photoanode generate photocurrent.
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Figure 6.7 Cyclic voltammograms of BiVO4 photoanode (blue) and dye7 sensitised NiO
photocathode (red) scanned by during illumination of the dye7/NiO photocathode or BiVO4
photoanode (0 V vs Ag/AgCl) with a Pt counter electrode separately.
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Figure 6.8 UV‐visible absorbance comparison of (a) BiVO4 photoanode and (b) dye7/NiO
photocathode.
Figure 6.8 shows the absorption wavelength difference between UV‐visible absorption of
BiVO4 photocathode and dye7/NiO photoanode. The onset of photo‐excitation of BiVO4 is
around 500 nm as shown in (a), while the dye7/NiO onset of photo‐excitation is around 650
nm as shown in (b). It shows the promising use of these two photoelectrodes; not just
configured in a side‐by‐side tandem, but also back‐on‐back tandem under illumination from
one direction.
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In real‐world applications, a simple back‐to‐back sandwich tandem arrangement may mean
that the photocathode and photoanodecompetes for photon absorption. An advantage of
using dye‐sensitised photoelectrodes is the ability to tune the dye absorption to achieve
complementary absorption, using established dye‐design principles. Developing dye‐
sensitised photocathodes with absorption complementary to the photoanode, whilst
maintaining high hole injection efficiency, is an important goal.

6.3.2.2 Chronoamperogram for tandem PEC cell
When the two electrodes were connected in a series tandem configuration without any
external bias, a steady photocurrent was sustained over 4 hours, as shown in Figure 6.9. The
photocurrent initially reaches 2 µA/cm2 (after an initial spike) and further increases
throughout the duration of the test, appearing to plateau around 2.2 µA cm‐2. No
degradation in the performance has been observed over the longest test of 12 hours (not
shown). H2 gas was detected using the in‐line water splitting characterisation system
procedure as shown in Chapter 2 rather than using syringe for injecting the collected gas
products; using Ar carrier gas and injecting the sample into the GC. The faradaic efficiency
for H2 generation was calculated to be ~80%.
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Figure 6.9 Chronoamperogram of individually illuminated dye7/NiO and BiVO4 connected in
tandem configuration as illustrated in Figure 6.2. Hydrogen generation rates are shown by
red triangles.
This is a significant result and among some of the first demonstrations of unassisted overall
water splitting using a tandem PEC cell. Although the electrodes were connected in series,
both of them were illuminated independently, due to a limitation of the arrangement of the
optical windows of the H‐cell. By changing the light intensity on each side independently
and monitoring the photocurrent, it was determined that neither of the electrodes was
limiting the photocurrent generation. At the operating potential of 0.3 V vs Ag/AgCl, both
photocathode and photoanode generated approximately the same photocurrent. O2 could
not be detected because of the low photocurrent. However, BiVO4 photoanode in a 3‐
electrode system has been previously reported to evolve O2.4 Furthermore, BiVO4 powder is
a well‐established O2 evolving photocatalyst in a Z‐scheme system for water splitting.
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Table 6.1 Faradaic efficiency of H2 generation by the photocathode and the tandem PEC cell.

Time (hours)

Tandem Faradaic Efficiency (%)

1

‐

2

‐

2.3

88 ± 2

3

82 ± 2

4

79 ± 3
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6.4 Conclusion
Solar hydrogen generation that was sustained for at least several hours is demonstrated
using a dye‐sensitised nickel (II) oxide photocathode and BiVO4 photoanode connected in a
tandem configuration. Two NiO based p‐type dye‐sensitised photocathodes connected with
BiVO4 as photoanode in a tandem configuration PEC cell were each studied in this chapter.
Several conclusions can be drawn from the results:
1) NiO based p‐type dye‐sensitised photocathode and BiVO4 photoanode connected in
a tandem configuration PEC water splitting cell can perform unassisted solar‐driven
water splitting with hydrogen generated and detected by GC.
2) With BiVO4 as the photoanode, the tandem photoelectrochemical cell can generate
photocurrent when short circuited with the photocathode; without applied external
potential between the two electrodes. The photocurrent during the illumination can
evolve hydrogen and the faradaic efficiency is higher than 80%.
3) The pH of the electrolyte is important for running the unassisted tandem PEC water
splitting cell. The best pH for dye6/NiO and BiVO4 tandem PEC cell is 7.0.
Although O2 could not be detected due to low sensitivity, however, because of the long‐
term and stable photocurrent, lack of any significant change in the pH of the water
electrolyte and previous reports of O2 evolution using BiVO4, it is thought that O2 is
generated in our tandem photo‐electrochemical cell; in other words, water is split to H2 and
O2.
The H2 evolution rate is 120 nmol/h (>80% faradaic efficiency) without electrical bias or
sacrificial redox, at pH=7 using visible light (>420 nm). Nevertheless, the photocurrent is low
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which is limiting the hydrogen generation rate. Still, the tandem PEC water splitting cell
based on dye‐sensitised photocathode shows promising potential.
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Chapter
7 Conclusions and future directions
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The near future development of high efficiency tandem photoelectrochemical water
splitting containing both photocathode and photoanode requires substantial development
to be made to the photocathode. In this thesis, a number of current important issues for the
development of more efficient photocathodes have been reviewed. “Sensitisation”
approach is well developed and achieved for the first time as the p‐type dye‐sensitised
photocathode driven water splitting without any co‐catalyst in the electrolyte.
NiO based photocathode is chosen to be the candidate for use as the photocathode. A new
series of dyes, ruthenium (II) and rhodium (III) complexes, were evaluated as sensitisers for
NiO based p‐type DSSC applications. The basic photophysical properties, including UV‐visible
absorption spectra, electrochemistry (cyclic voltammetry) were characterised. NiO based p‐
type DSSCs were fabricated and their performances were tested. Eventually ruthenium
based dyes studied in this thesis were found to be not suitable for p‐type DSSCs.
From the UV‐visible absorption spectra, molar extinction coefficients were calculated for the
5 dyes. Their molecular structures with different ligand numbers of dipyrrene and bipyridine
influence the absorption strength, peak position and MLCT. Optical band gap for each dye
was calculated from the UV‐visible spectra results. From the CV measurements, the HOMO
of each dye was determined. Combining with the optical band gap, the LUMO of each dye
was also calculated. From the energy level comparisons with NiO and redox couple of the
electrolyte, the HOMO of 2 dyes do not match with the valence band of NiO, so no energy
conversion efficiency can be tested. Three dyes show photocurrent and conversion
efficiency for p‐type DSSC. Only one ruthenium dye5 is shown to be a promising candidate
for harvesting visible light to drive a p‐type DSSC. Although MLCT is improving the
“sensitisation” of visible light absoption wavelength range, it is not good for p‐type hole
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injection mechanism. All 5 dyes cannot be used as photoelectrode in photoelectrochemical
water splitting; due to their water solubility.
Inspired by the donor‐π‐acceptor (D‐π‐A) structure of dye molecules which have
demonstrated the best efficiency in p‐type DSSC and also tandem structure solar cell, donor‐
acceptor dyes were used for dye‐sensitised photocathodes based on these two organic dye
(dye6 and dye7) adsorbed on nanostructured NiO. To improve the quantum efficiency of
charge injection from the dye to the semiconductor, dye6 and dye7 can be used for solar‐
driven PEC water reduction. The hydrogen evolution can be detected by our state of the art
home built gas quantitative characterisation chromatography (GC) system.
Organic dye7 attached on NiO photocathode for p‐type dye‐sensitised water reduction is
more promising than dye6, showing a higher photocurrent density. The dye‐sensitised NiO
photocathode was characterised in a three‐electrode setup, and shows generation of H2 due
to dye‐sensitised hole injection into the valance band of NiO, followed by reduction of water
by the photogenerated dye anions. From the IPCE measurements, the best efficiency for
monochromatic light is around 0.6%. Dye7 shows better IPCE results than dye6, which IPCE
was hardly detected. Stability testing shows that organic dye is actually protecting the NiO
from corrosion during the water splitting reactions. Degradation of the electrodes occurs
over hundreds of days in acid, neutral or basic electrolytes. It is worth noting that water
reduction with hydrogen generation, utilising these organic dyes, was achieved without the
addition of other co‐catalyst in the aqueous electrolyte.
After discovery of the organic dye with good performance for solar‐driven water splitting,
another focused and important issue is to optimise the NiO film for improving efficiency of
NiO based p‐type photocathode driven water splitting reaction. The Zahner cell can be
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utilised to study the mechanism for PEC performance without products identification.
Different pH adjusted 0.1 M Na2SO4 electrolyte were employed to test cyclic
voltammograms

and

spectroelectrochemistry

of

dye7/NiO

photoelectrochemical

performance. Dye7/NiO shows Nernstian pH dependence, and the best IPCE in different pH
electrolytes is achieved at pH 7.0.
Three approaches were used to improve the NiO based p‐type photocathode performance
for water splitting. By varying the thickness of NiO, the best performance of dye7/NiO is
demonstrated to be from a 2.5 µm thickness. By adding additional surfactant Triton X100,
the performance of dye7/NiO is actually decreased as the surfactant may be blocking the
surface of the photocathode contacting with water. By making rGO/NiO composite to
improve charge transfer in the NiO layer, TGA, Raman and XRD were used to characterise
the composite film properties. The optimal sintering temperature was confirmed from
Raman and TGA, with finding out of an interesting possibility of NiO reduction from GO at
450 °C. Improvement in photocurrent and dark current has been shown, but the
photoelectrochemical performance is actually decreased after rGO is integrated into NiO. By
study using FESEM, the morphology of NiO film is observed to be affected by the decreasing
surface area as the period of sintering at 550 °C is increased. The dye loading could also be
affected, so that the photocurrent cannot compete with dye7/NiO in the same pH 7.0
electrolytes.
For the tandem PEC structure approach, unassisted solar hydrogen generation that was
sustained for at least several hours is demonstrated using a dye‐sensitised NiO as
photocathode and BiVO4 as photoanode; connected in a tandem configuration PEC cell. Two
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dyes (dye6 and dye7) sensitised NiO based p‐type dye‐sensitised photocathodes connected
with BiVO4 were studied.
NiO based p‐type dye‐sensitised photocathode and BiVO4 photoanode connected in a
tandem configuration PEC water splitting cell can perform unassisted solar‐driven water
splitting with hydrogen generated and detected by GC. With BiVO4 as the photoanode, the
tandem photoelectrochemical cell can generate photocurrent when short circuited with the
photocathode; that is, without an applied external potential between the two electrodes.
The photocurrent during the illumination can evolve hydrogen and the faradaic efficiency is
higher than 80%. The pH of the electrolyte is important for running the unassisted tandem
PEC water splitting cell. The best pH for dye28/NiO and BiVO4 tandem PEC cell is 7.0.
O2 could not be detected because of the low photocurrent. However, BiVO4 photoanode in
a 3‐electrode system has been previously reported to evolve O2.3 Furthermore, BiVO4
powder is a well‐established O2 evolving photocatalyst in a Z‐scheme system for water
splitting. Although O2 could not be detected due to low sensitivity, however, because of the
long‐term and stable photocurrent, lack of any significant change in the pH of the water
electrolyte and previous reports of O2 evolution using BiVO4, it is thought that O2 is
generated in our tandem photo‐electrochemical cell; in other words, water is split to H2 and
O2. The H2 evolution rate is 120 nmol/h (>80% faradaic efficiency) without electrical bias or
sacrificial redox, at pH=7 using visible light (>420 nm). Nevertheless, the photocurrent is low
which is limiting the hydrogen generation rate. Still, the tandem PEC water splitting cell
based on dye‐sensitised photocathode shows promising potential.
In the future, there is no reason why tandem PEC solar‐driven water splitting cannot surpass
even the best n‐type based photoanode driven water splitting. In order to improve the
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solar‐to‐chemical conversion efficiencies of tandem PEC water splitting, there are several
directions:
1. Discovering new types of dye structure with anchoring groups of good affinity to p‐
type semiconductors, especially in water. Following the hole injection mechanism, to
improve the charge transfer and dye anion life time, new groups with better π‐
acceptor properties and donor properties could be promising for dye synthesis.
2. Discovering new types of p‐type semiconductor with better hole transfer properties,
and matching VB to suit new dye’s HOMO for hole injection.
3. Discovering new hydrogen generation co‐catalyst which could be utilised in the p‐
type dye‐sensitised photocathode system to improve the efficiency of HER.

